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Preface {1948) 

T he work of the last thirty years has led to great advances in the 
theory of the structure and properties of metals and alloys, and 
much interest has been aroused in this subject. In recent years the 
present author has been engaged in the preparation of a general 
introduction to the theoretical work, which has been published by the 
Institute, of Metals under the title of “ Atomic Theory for Students 
of Metallurgy,” and is intended for University honours students. In 
the course of its preparation, part of the manuscript was submitted 
for criticism to some industrial metallurgists. These replied that they 
found much of it unintelligible. One critic went so far as to say that 
the only kind of book he had time to deal with was one which could 
be read with “ enjoyment, and without hard work.” It says a great 
deal for the broad-mindedness of the Institute’s Publication Committee 
that they proceeded with the publication of the book for the benefit 
of the University student, but it was clear that a quite different 
approach was needed for some industrial readers. 

This led the present author to consider why the average physical 
textbook often proves unattractive to readers outside Universities. 
One reason appeared to be that the usual textbook not only requires 
a considerable power of continuous concentration, but also expects 
the reader of any one chapter to retain clearly the lessons learnt in 
earlier chapters. For University students these requirements are entirely 
reasonable, but it can readily be understood that they cannot be 
satisfied by those who are busily occupied in metallurgical industry. 

In the hope of overcoming these dfficultics, the author was led 
to experiment with a presentation of the subject matter in the form 
of a dialogue. The method has obvious dangers, but it has the ad- 
vantage that the readers’ attention may be stimulated by the deliberate 
raising, of questions, or discussion of difficulties, and that direct 
attention may be drawn to cases in which a knowledge of previous 
chapters is being assumed. The author has attempted to make 
“ Electrons, Atoms, Metals and Alloys ” as much as possible a discussion 
of the points at issue, but he must confess that in some places it has 
proved difficult to prevent it from becoming merely “ question and 
answer.” The manuscript was first published in Metal Industry and 
the author must express his thanks to Mr. L. G. Beresford, the Editor, 
for his help and advice. 

The criticism may be made that the questions of the Older Metal- 
lurgist are sometimes unduly naive, and if so the author may perhaps 
suggest that fundamental prindples are sometimes revealed by 
questions of the simplest nature. If any readers feel that the Older 
Metallurgist has been made too much of an Aunt Sally, the author 
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offers his apologies, and assures them that if they chose to instruct 
En the techiUque of foundry practice *ey would find that his own 
ignorance of such matters exceeded anythmg they had imagined 
It will be appreciated, therefore, that the book is intended for those 
who nrefer to study the subject in smaU instalments, and that the 
treatment will become increasingly less attractive as the reader has 
more time or inclination to give the work steady and continuous 
thought It is essentially a book describing what the new theories 
are about rather than what they are, and the University student 
should realise that if he is tempted to read its pages his duty as a 
student is to proceed to the study of the books referred to at the 
ends of the chapters. He must not think that a reading of the present 
book has given him any real understanding of the new theories. 

The author must express his gratitude to many friends who have 
read and criticised part or all of the present book. In particular 
Dr. H. J. Axon, must be thanked for having read the whole manu- 
script in its early stages, whilst Mr. G. MacDonald, O.B.E., and 
Dr. D. K. G. MacDonald have also given valuable assistance. Thanks 
are due to Mr. J. W. Christian, Mr. S. J. Garlile, and to the author’s 
father for help with the proof corrections. It need scarcely be said 
that the fact that the friends mentioned above have read the manu- 
script in no way commits them to the views expressed in the book. 

W. Hume-Rothery 

The Inorganic Chemistry Laboratory, 

University Museum, 

Oxford. 


NOTE ON THE REVISED PRINTING, 1955 
The continued demand for this book since its original publication in 
194S has made a reprint necessary. The period 1948-54 has seen great 
advances in the theory of dislocations (Chapter 32) and in the science 
of nuclear structure (Part IV). As both of these subjects lie outside 
the main scope of the book, no attempt has been made to bring the 
sections concerned completely up to date. The text has been corrected 
so that nothing, it is hoped, is incorrect in view of recent work, but the 
reader should be warned that the description is at an elementary level, 
and that the “ Suggestions for Further Reading ” should be consulted. 
If this policy is criticised, it may be pleaded that the dialogue form is 
not weE suited for the description of the theory of dislocations, which 
requires familiarity with crystallographic notation, whilst the interest 
in nuclear energy has resulted in the publication of many elementary 
books on nuclear structure. The remainder of the book is substantially 
unchanged, although a few sections have been rewritten where new 
work has rendered the old description incorrect. It should also be 
noted that although they remain correct as illustrating general prin- 
ciples, the equilibrium diagrams should not now be used for accurate 
measurement without checking whether they have been modified by 
later work. 
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Electrons, Atoms, 

Metals and Alloys 

The reader is asked to imagine the following conversation as taking place 
between a young scientist and an older metallurgist. The young scientist 
has taken an Honours Degree in Physics or Physical Chemistry sometirrte 
between 1930 and 1954, that is, since the establishment of the Quantum Theory. 
The older metallurgist took a high Honours Degree in Metallurgy or Chemistry 
in the period 1910-ao, since when he has been occupied {with conspicuous success) 
with industrial problems. The two are to be regarded as having met by chance 
after the meeting of a Metallurgical Society in which th^ are both interested. 

PART I— THE NATURE OF AN ATOM 
I — The Problem 

O LDER Metallurgist: You know, it’s very sad, but I’m getting 
more and more depressed about Ae state of metallurgical seience 
nowadays. 

Young Scientist : Oh, I say ! What has been getting you down ? 

OM: Well, I thought I’d like a bit of a change from all my pro- 
duction worries. So I went for four days to the conference on the 
Theory of Alloy Structures arranged by the new Institute of Physical 
Metallurgy. 

YS : Ah ! Now that was a good show, that was ! The mathematical 
physicists began to come clean, and one could really see what was 
going on. It was a great contrast to the usual hind of stunt, where 
men repeat all the catch phrases, and then discreedy shirk the real 
difficulties. You must have learnt a lot there, so why all this depression ? 

OM: To be quite honest, I couldn’t understand a word of what was 
going on. There was a lot of talk about wave functions, and some 
strange symbol and weird things called Brillouin Zones, and a lot 
of men wrote equations on the blackboard involving e®™, and some- 
thing about structure factors. This went on for about two days, and 
then the chairman said one must remember that all the theory referred 
to the simple model ofthe ideal crystal, and that the strength of actual 
metals depended on the much more difficult problem of the secondary 
structure of the real crystal. 

YS : I see. What then ? 

OM : Well, I felt that, having spent two days not being able to 
understand the simple stuff, it wasn’t much good staying longer. 

YS : So you gave it up ? 

OM: Yes! It seems to me there is a real danger nowadays that 
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theoretical 

C w ^""8 mathcmad^ phyd<*<3 rvho rpc^ a language 

wWch nobody else can understand. , a , 

YS • Well, it takes all sorts to make a world, so you mustn t be too 
• *■’ * Afvpr nil I don’t know much about casting alloys, but there 

ofteS'i ^todual phyiaa I 

’^M ° not tlie point You don’t blow much about casting 

inaT but I can explain to you how it is done. Your mathematical 
fSs on the other hand, either won’t or can’t explain what they are 
S at any rate in such a way that I can understand them. They 
don"? seem to realise that to the average man their symbols are mean- 
ingless, and they have no idea of the gap between their own ideas and 
the limited mathematics of the ordinal metallurgist. They seem 
quite unable to give a simple and straightforward account of their 
new ideas. After all, I’m not very unreasonable. I m a practical 
man, dealing with metals all day long, and here are the^ young 
men saying that the whole idea of what constitutes a metal has been 
revolutionised in the last thirty years, and then, when I a^ for a 
simple common-sense explanation of what they are doing, they just 
can’t give it. 

YS : Tell me how far back you want to begin. 

OM : Well, as a matter of fact, I took papers on elementaiy physics 
and chemistry when I took my degree in metallurgy. 

YS ; I see— elementary physics and chemistry— mathematics ? 

OM : That was not one of my strong points — still, I do know what 

^ and Jydx stand for ; but as for — no. 

YS : All right. Now what exactly is it you want ? 

OM ; I want a simplified common-sense account of these new 
theories of metals. It isn’t much to ask for, is it ? 

YS : If you won’t think me too pedantic, what exactly do you mean 
by common sense ? 

OM : What do you mean ? 

YS : I mean exactly what I say. What do you mean by “ common 
sense ” ? 

OM ; Surely that’s obvious, isn’t it ? 

YS ; No, I don’t think so. If you used the expression literally, it 
would, I suppose, mean some experience with which you were ac- 
quainted by means of your five senses — sight, hearing, smelling, taste 
and touch. 

OM ; Oh ! Look here, have we really got to be as philosophical as 
all this ? 

YS : I generally tick off my students unless they can explain the 
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words they (Use. Still, we may as well meet you half-way, so shall we 
say that by a common-sense description, you mean a description in 
tenns of events with which you are familiar in daily life ? 

OM : That’s all right. 

YS : Well, doesn’t it strike you that you are making a colossal and 
quite arbitrary assumption ? 

OM : What do you mean ? 

YS : You said that you had passed examinations in elementary 
chemistry and physics, so I suppose you’ve realised that the atoms 
out of which metals are made are very small things ? 

OM ; You know that was one of the things which struck me all 
along. The imagination seems simply to boggle at the smallness of 
the atom. If I remember rightly there are about lo®* atoms in a gram 
of aluminium. 

YS : Yes, that’s right. The number of molecules in the gram 
molecular weight of a substance is called Avogadro's Number and 
equals about 6.0247 X 10®®. The same number gives the number of 
atoms in a gram atom of an element j the atomic weight of aluminium 
is 26.96, so that 26.96 grams of aluminium contain 6.0247 ^ 
atoms, and one gram of aluminium contains 2.23 X 10“ atoms, 

OM : Numbers like that are almost inconceivable. I find I can 
imagine numbers up to about 10^®, but beyond that I just can’t grasp 
them. That’s what makes it all so fascinating ! It’s amazing to 
think one can work out the positions of atoms in crystals when the 
whole scale of things is so small. That’s why I’m so interested in it all, 
and why I so much want a simple common-sense description of the 
atomic theory of metals. 

YS : Yes. But can’t you see what a big assumption you’re making ? 

OM : But I’m not making any assumption at all. 

YS ; Oh yes, you are. What you are assuming is that in spite of 
the immensely small scale of the atom its behaviour can be described 
in terms of principles resembling those which hold for the events on 
the enormously larger scale with which you are familiar. Your 
continual demand for a common-sense description is really an as- 
sumption that atoms of the order io“®® gram, or their constituent 
particles if there are such, will behave in the same way as particles 
of the order, say, io“® grams and upward, with which your senses are 
familiar. 

OM : But why shouldn’t they ? 

YS : Well, why should they ? It is surely a matter for experiment. 

OM : Are there any experiments about it ? 

YS : Oh, yes ! Quite a lot of information has been gathered about 
atomic processes and, although some of it is a matter of inference 
rather than of direct observation, it is quite definitely established 
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mm pnxma on th« alomic .cale cannot be mdciatood in 

Sn rfJhM you wonU call •■oonnnon-!emc”pnnaplcs. 

OM- Do you mean that there are two sets of laws, one applicable 
to wents on L atomic scale and the other to large-scale phenomena ? 

YS- No that’s not quite the right way to put it. The same laws 

hold throughout, but when one deals with events on the ordinary 
Se some^of the laws or equations can be ^pressed in a relatively 
Sole form. Perhaps the following very crude illustration may help 
y™ Let us suppose that we have two quantities and y, which 
are connected by the equation 

ji = n (* -h 


Then if x is very large, ^ is so much smaller than x that there is very 
little error in writing 

y = ax. 

Conversely, if* is very small, ^ is very large compared with *, and we 
are justified in writing 

a 

The same equation holds throughout, but if one always dealt with 
cases where x was large one would imagine one had a siinple pro- 
portionality, and one might have great difficulty in recognising that 
the inverse 4th power law was the same equation applied to small 
vdues of X. This example mustn’t be pushed too far, because it is 

one in which both the terms wc and ^ can be readily understood in 

terms ofeveryday mathematics, whereas the theory of atomic structure 
leads one into more difficult branches of mathematics. But the general 
principle is the same, and you just have to accept it as a fact that some 
of the new atomic theories cannot be understood in terms of “ common 
sense.” 

OM: Then, do you mean that it is impossible for the theory to be 
understood by the ordinary man ? 

YS : If you speak of understanding the theory, I think we may 
recognise three main lines of approach. There is first of all the man 
who wants to do the thing thoroughly, and who aims at original 
work on the subject. That is quite beyond your powers and, to be 
honest, I shouldnit advise you to encourage your son to try his hand 
at it either. It is a job for a first-class mathematician only, and there 
are already too many men wasting their time on it when it is all too 
clear that their mathematics isn’t good enough. 

Secondly, there is the man who is prepared to leave the mathematics 
to others, but who wants to get a re^ understanding of the underlying 
principles, so that he can keep an eye on the subject and see how new 
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investigations may bear on his own work. This is possible for some men, 
but it requires considerable mental effort, and frankly I don’t advise 
it for you, although I think you should do all you can to encourage 
your son to make the effort. This will mean that if you are going 
to take him into your works you must be prepared to take him from 
his university without a knowledge of technology. In a four years’ 
course there is not time for a man to read both technology and theory 
of metals, and one or other must be sacrificed. I can quite under- 
stand how attractive it is to you to have a man coming into your works 
knowing exactly how the different machines are used, but you will 
find that in the long run your son will be a better investment if he comes 
to you with a real knowledge of what constitutes a metal, and then 
learns his technology after he joins you. There are very few univei'sities 
where the right kind of instruction is given now, and on the whole I 
should advise you to let him read physical chemistry, and then turn 
over to metallurgy. This will give him a good general background, and 
you will find tliat if he is any good he will pick up the works practice 
pretty quickly. 

Finally, there is the third type of man represented by you, my 
friend. You arc too busy, and, if you won’t mind my saying so, too 
much in the old groove ever to go really thoroughly into the new 
work, but there is no reason why you should not understand the general 
ideas, and grasp what the new men are after. 

OM : Will it mean a lot of work? 

YS : It is not so much a question of difficulty or of time, as of being 
prepared to think. The subject is not one to read in spare time in 
railway carriages, or while luncliing in a restaurant. But if you are 
willing to sit down quietly from time to time, and think things out, 
there is no reason why you should not gi’asp what is going on — at 
any rate you could get a general idea so that some of the stuff at this 
new Institute would be more interesting to you. 

OM : Well, look here, will you give me a list of books or papers, 
and I’ll make an effort? 

YS : The truth is, I’m afraid, that there is very little that is suitable. 
The “ popular ” accounts are mostly too early— some of them contain 
puzzling mistakes — or are too much concerned with showing how the 
mathematics works for simple problems. There are several deep books 
on metals — Mott and Jones is the best^ — but they assume much too 
great a knowledge on the reader’s part. 

OM: Then what can I do? 

YS: The only thing I can suggest is for me to give you some 
tutorial discussion. 

* 27m Theory qf flu Properties of Metals and Alleys, by N. F. Mott and H. Jones. 
Since the completion of the MS. tlie following two books have appearacl: Aiomic 
Theory for Students qf Metallurgy, by W. Hume-Rotliery, and An IntroductUm to the 
Electron Theory qf Metals, by G. V. Raynor. Both are published by the Institute of 
liletals. * 


13 



eleqtrons, atoms, metals and alloys 
OM : Oh, I see. WeU, look here, is it really worth my whUe ? ^ 

Tha depends on what you mean. If you mean, will it enable 

• wt Kur works and make better castmgs, the answer is 
hand there may be some very definite advantages 

CSuu?gist "Tould bTone i the last people to be able to under- 

Serf is' always the possibility of practical applications 
Secondly, ther y ^ 

Si“SoS OTe‘way and anotSer, and ope never knows what may 
Sm f^Snember pLaday and the dynamo ! But, apart froin 
2? thSr Tno saying when these new theories wiU be of pracUcal 
S? in soSe conne^ns. such as magnetism or thermiomc emission, 
this stage has already been reached. In probl^s such as Aose 
2garS the strength of metals, the electronic theory is probably 
fS from direct application. It may be five years or it may be 
fifty, but the important thing is that when the time comes rnetallurgical 
industry shall be in the hands of men who understand what is going 
on If it is left in the control of those who cannot understand the new 
ideas, there is a distinct possibility that they may suddenly find them- 
selves confronted by new and better alloys produced dsewhere 1^ 
what may at first seem to them to be good luck, but which is m reality 
the result of a sldewd application of the theory of alloys to practical 
problems. In this case success will go to the country whose metallur- 
gists can understand the new ideas, and this implies a method ot 
thinking which cannot be acquired in a hurry. You must not imagine 
that the situation could be saved by suddenly calling on physicists 
and mathematicians to help you. Such men would be too much out 
of touch with the practical side of metallurgy. The best solution to the 
problem is to bring up a generation of metallurgists to whom the 
underlying ideas of the electron theory of atoms arc as familiar as 
already are to a well-trained chemist. Meanwhile people like yourself 
should obtain a general idea of the new outlook. 

OM : Can this be done so that we deal only with metals and alloys ? 


YS : No. The electron theory of metals and alloys is very com- 
plicate, and its ideas can be imderstood only if a number of much 
more simple problems are dealt with first. As you will soon realise, 
it is by no means easy to describe the nature of a single atom, and ■ 
all these difficulties have to be overcome before there is any chance of 
your understanding the assembly of atoms which builds up a metallic 
crystal. We shall, therefore, have to discuss many things which have 
no direct reference to metals, and if you are not prepared to do this, 
you had better give up the whole idea. 
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2 — Elementary 

O LPER Metallurgist : Before we begin, there is one point I should 
like cleared up. You gave the values of Avogadro’s Number as 
6,0347 X 10®®, but the value I have found in my textbooks is 6.06 X 10®. 
How has the difference arisen ? 

Young Scientist: In the last iiftecn years it has become generally 
recognised that the previously accepted values of many of the physical 
constants were slightly in error. The reasons for this were discussed 
fully by R. T. Birge’' in 1941, anddf you want to understand the 
details you should read his two papers. There was an unfortunate 
period in which some books continued to print the old values of the 
physical constants, although original papers used more accurate 
values. Ill recent years J. W. M. Du Mond and E. R. Cohen® have 
given a list of what they consider the most probable values, and some 
of these differ slightly from those of Birge. 

OM : I see. I suppose you’ll now want to find out how much I 
know ? 

YS : Yes, that would be the most sensible thing. You said before 
that you understood the significance of Avogadro’s Number as giving 
the number of molecules in a gramme molecular weight of a substance. 
You realise, do you, that a knowledge of Avogadro’s Number, when 
combined with the known densities of metals, enables us to get a 
rough idea of the sizes of atoms, in so far as these are indicated by the 
distances between atoms in solids ? 

OM : Well, I can see that since the specific gravities of most metals 
are of the order i to 20, the distances between atoms in metals will 
be of the order io“^ to io“® cm, 

YS: That’s right. The usual scale of length employed in describing 
atomic phenomena is the Angstrom Unit, which is equal to ro"® cm, 
and is denoted by the symbol A or A. The closest distances between 
neighbouring atoms in metallic crystals are of the order 2 to 4A, 
so that the sizes of metallic atoms lie within quite a narrow range. 

OM : Hasn’t there been some muddle about the Angstrom unit ? 
YS : Yes, I’m afraid there has. The determination of inter-atomic 
distances in crystals is carried out by X-ray diffraction methods, 
and these require a knowledge of the wave lengths of X-rays. The 
wave lengths usually employed are those tabulated by Siegbahn, and 
although at the time these tables were drawn up the values were as 
accurate as possible, later work has revealed a slight systematic 
error, and what the crystallographers used to call Angstrom units 

^Semuis of Modem Physics, 1941, Vol. 13, page aas. Also lUports on Progress in 
Physics, 1941, Physical Society of London, page 91. 

® J. W. M. Du Mond and E. R. Cohen. Sn>ieivs if Modem Pliysies, 1953, Vol. 35, 
page 691, 
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really required multiplying by 1.00Q02 in ordm to convert them into 
tmeVgstrom units of lo-o cm. I*m afraid the theory of metals 
St yetlufficiently advanced for this difference to be worth bothering 
about nowadays as regards the theory. But you should note that there 
is an increasing tendency nowadays to express ci ystallographic results 
in true Angstrom units of lO-" cm. At the moment of writing 1953), 
there is I am afraid considerable confiosion, because recommendations 
have been made to express all results in true Angstrom units, but these 
have not been universally accepted, and the symbol A is still some- 
times used both for kX units and for true Angstrorns. For accurate 
lattice spacing work, you must always verify what the author means 
when he refers to A units, although the difference between A and 
hX does not affect results to two places of decimals. You should also 
note that some writers have used the expression “ crystal Angstroms ” 
to describe units, aldiough tUs practice is now dying out. 


OM: Sometimes I’ve come across diagrams referring to “ atomic 
units ” of length. What are these? 

YS: The atomic unit of length is equal to 0.529a A. I’ll explain its 
significance later when we come to deal with the structure of the 
hydrogen atom. 

OM : Am I right in thinking that it is now definitely established 
that atoms possess a structure, and that they are no longer regarded 
as analogous to minute billiard balls as they were in the early days of 
chemistry? 

YS; Oh, yes. That’s now quite certain. From the experimental 
point of view, one may say that the story begins with the discovery of 
the electron at the end of the nineteenth century. In this work it 
was shown that certain conditions, such as electrical discharges in 
gases, or the heating of metals to high temperatures (thermionic 
emission), resulted in the emission of what were first called cathode 
rays. It was found that these rays were deflected by electric and 
magnetic fields as though they consisted of streams of negatively- 
charged particles, and by suitable methods it was possible to determine 
the charge and mass of Aese particles, which were then called electrons. 
The important discovery was made that electrons always possessed 
the same charge and mass, regardless of the substance from which 
they were produced. The values of the electronic mass (m) and charge 
(#) now accepted are 

m = 9.1085 X io~*®gram. 


e = 4.8029 X 10“^® electrostatic units. 


The mass of the electron is thus about — ^ — that of hydrogen atom, 

and the facts suggested clearly that all atoms contained electrons as 
part of their structures. 

The second important point was that the charge on the electron was 
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the same as that on a univalent negative ion, that is, an ion such as 
the Cl' ion. 

OM : How do you malte that out ? 

YS: Well, as you will know, die charge on the gram molecular 
weight of a univalent ion is called a faraday, and is equal to 96,530 
coulombs. Since Avogadro’s Number is equal to 6.0347 ^ the 

charge on a single univalent ion is ;; — .9^)5£2 — = 1.60307 x io~t» 

6.0347 X 10 “ 

coulombs. 

Now I coulomb = 3.99793 X 10® electrostatic units, and so the charge 
on a univalent negative ion is equal to i. 60307 X 3.99793 X io~^® 
= 4.8039 X io~^® electrostatic units, which is the value given above 
for the electronic charge. 

OM; I see. So a univalent negative ion contains one extra electron 
above the number required to make the atom or group of atoms 
electrically neutral? 

YS : That’s right. And a univalent positive ion contains one electron 
fewer than the number required for a neutral atom or group of atoms. 

OM: But I don’t see why that follows. Can’t there be positive 
electrons as well? 

YS : No. That point was settled by the mass spectroscopic work 
of J. J. Thomson and F. W. Aston. In their work streams of ions or 
charged atoms or electrons were deflected by electric and magnetic 
fields arranged so that the ratio of the charge to the mass could be 
determined. These experiments showed that negative charges were 
associated both with electrons and with particles (negatively-charged 
ions) whose masses were the same as those of atoms or molecules. 
Positive charges, on the other hand, were found associated only with 
particles whose masses were those of atoms or molecules (positive 
ions). These experiments showed clearly that, so far as atomic structure 
was concerned, there was an essential difference between positive and 
negative electricity — the relatively light negatively-charged electrons 
could be lost by the atom, but the positive electricity seemed to be 
more deeply bound. 

OM : But haven’t I read something about positive electrons lately? 

' YS : Yes. Some of the more recent developments of nuclear physics 
have led to the production of positive electrons which are much lighter 
than the hydrogen atom. But these phenomena do not concern 
metallurgy, and I think we had really better leave them alone for the 
present, although we shall refer to them in Chapter 43. 

OM : But just what is nuclear physics ? 

YS : Well, we’ve seen that the evidence suggested that the positive 
electricity associated with an atom was somehow held more firmly 
than the negative electricity. The next great step was due to Ruther- 
ford, who studied the scattering of a-parffcles by matter — a-particlcs 
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are Dartides which are ejected in some radioactive transformations 
Md they are He++ ions, that is helium atoms which have lost two 
dectrons A study of the scattering process (see Chapter 43) showed 
that atom consisted of a minute positively-charged nucleus, whose 
dimensions were of the order ro-^* cm, surrounded by extra-nuclear 
electrons which occupied a region whose dimensions were of the order 
10-’ to 10-® cm. The nudeus is thus very small compared with the 
“ size ” of an atom, but almost the whole mass of the atom is contained 
in the nudeus, and the nucleus contains a positive charge of +Ze, where 
Z the so-called atomk number, gives the position of the element in the 
Periodic Table of Menddeev (Fig. i). I imagine you will have met it 
in your young days. 

OM : Yes, that’s right. I understand the general periodic repetition 
of properties of the elements, but I seem to remember that there were 
one or two places where the table went wrong. The table as I knew it 
was in the order of increasing atomic weights, but cobalt has a higher 
atomic wdght than nickd, although it comes before it in the periodic 
table. Similarly tellurium has a higher atomic weight than iodine, 
although the properties suggest the order antimony->-tellurium-> 
iodine, and this is the order you have put in your table. It seems to 
me that the table is a bit of a fudge in one or two places. 

YS : That difficulty has now been cleared up. The real character- 
istic of the periodic table (Fig. i) is that it is in order not of increasing 
atomic weight, but of increasing atomic number. Thus copper is the 
twenty-ninth element in the table, and the atom of copper has a nuclear 
charge of -f ag«, and is surrounded by ag electrons. Cobalt and nickel 
have atoms with nuclear charges of H-Eye and -|-a8e x’espectively, 
and their order in the table is the order of increasing nuclear charge. 
The order of the elements in the periodic table was first established by 
Moseley in igia. 

OM : So the nucleus is even more minute than the atom ? 

YS : Yes, but the nucleus contains almost the whole mass of the 
atom. 

OM : If that is so, isn’t it rather strange that the atomic weights 
of the different elements are such a curious jumble of odd fractions ? 
One would have expected some kind of regular scheme. 

YS : That difficulty, has been cleared up by the discovery of what 
are called isotopes. The original discovery here was in connection 
with the radioactive elements. These elements and their compounds 
were found to give off different kinds of radiation, and in some of these 
changes it was foimd that the radioactive element was changed into 
a new element belonging to a different group of the periodic table. 
This, of course, was in complete contrast to ordinary chemical changes, 
in which, although the state of combination of an element may alter, 
the element itself and its atoms are indestructible. The work on 
laffioactive transformations also showed that some elements, notably 
lead, could exist in forms which were chemically indistinguishable, 
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but possessed different atomic weights. These were called isotopes 
of the elements concerned, because the different isotopes were chemi- 
C2dly indistinguishable and so occupied the same place (iso = equal, 
iopos = place) in the periodic table. The development of this subject 
was due mainly to Soddy, and it was clear that Ae radioactive trans- 
formations involved something quite distinct from ordinary chemical 
change, and it was soon recognised that radioactive changes involved 
changes in the nuclei of the atoms, and that the isotopes of a given 
element were all characterised by the same charge on the nucleus — 
all the isotopes of lead for example have atoms with a nuclear charge 
of -\-82e, surrounded by 82 extra-nuclear electrons. 

The methods of mass spectroscopy developed by J. J. Thomson 
and F. W. Aston then showed that nearly all the elements were really 
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mixtures of isotopes— chlorine, for example, is a mixture of isotopes 
of atomic weights 35 and 37 in such proportions that the mean atomic 
weight is 35.457- 

OM: Then does this mean that the ordinary atomic weights are 
meaningless ? 

YS: Oh, no 1 In a sense the ordinary atomic weights are of greater 
fascination than they were before, because tiny must contain some 
clue as to the process by which the earth came into existence. There 
is no doubt that the mean atomic weights of most elements are veiy 
nearly the same in materials from quite different sources. The atomic 
weights of elements in meteors are almost if not quite identical with 
those of the same elements from ordinary materials. The nature of 
the process by which the different isotopes were mixed in their present 
proportion is thus a very fascinating subject. But the point to recognise 
is that what we call an element is nearly always a mixture of atoms 
of different weights but of tlie same nuclear charge. 

OM: Then are they really indistinguishable? 

YS: Well, not absolutely. It is possible to separate isotopes by 
malting use of processes such as diffusion, in which the mass of each 
individual atom is directly concerned. But so far as the theory of alloys 
is concerned it is nearly always justifiable to consider the actual 
mixture of isotopes replaced by a number of atoms whose atomic 
weights are identical, and are equal to the mean of the isotopic 
mixture. 


OM: I seem to have read about artificial isotopes. What are they ? 

YS: The radioactive transformations suggested that the nuclei of 
atoms possessed some kind of a structure, and that these structures 
became unstable when the atomic number reached about go. I'lie 
physicists then began to wonder whether the nuclei of lighter elements 
nnght not be disintegrated or broken up, and they found that this 
kind of change could be brought about if substances were bombarded 
with charged ions moving at extremely high velocities. In this way 
the^ science of nuclear physics has been developed and has led to the 
various atomic energy projects. In the course of this work many new 
isotopes of common elements have been prepared and identified. 

OM: Then does this concern metallurgy? 

K ^ years ago, the answer to that question would have 

Men No. In the ordinary processes of chemistry and metallurgy 
the characterktics of an element depend essentially on the nuclear 
CMrge, and the different isotopes of an element can be regarded as 
identicm, so that nuclear physics need not be considered. You will 
know, however, ^at in the period 1940 to 1945, work was carried 
out which led to Ihe development of atomic bombs, and to the prospect 
of the direct utilkation of atomic energy. In these processes we are 
concerned directiy wUh changes in the nuclei of atoms, and the 
^ense possibiues which have been opened up have led to many 
problems in which the metallurgist is directly or indirectly interested. 
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These problems arc so distinct from those of ordinary metallurgy that 
it will probably be better to discuss nuclear structure separately. 
(See Chapter 40.) 

You should, however, note that, apart from the work on atomic 
energy, the nuclear physics is of interest to metallurgy in connection 
with the study of processes such as diffusion. The atoms of some of 
the new artificial isotopes are umtable, and undergo further trans- 
formations with the emission of rays similar to those of the radioactive 
changes whose study led to all these developments. In this way it is 
possible to produce radioactive isotopes of some common metals, and 
these isotopes can be used to study processes such as self-diffusion. 
One can, for example, plate a radioactive isotope on to the ordinary 
non-radioactive form of the element, and then heat the specimen, and 
see how far the radioactive atoms migrate in a given time. This kind 
of work offers many possibilities because it enables one to distinguish 
between atoms which so far as their ordinary chemical properties are 
concerned, are almost identical. 

OM: Then it amounts to saying that the general idea of an atom 
is a minute positive charge of -\-Ze surrounded by Z electrons? 

YS; That’s right. And the general problem of atomic structure is 
the way in which an assembly of Z electrons will move round a nucleus 
of charge +^e. 

OM: It must be pretty complicated. 

YS : Oh, I assure you it is ! For this reason we had better begin 
with the simplest case of all. This is, of course, the hydrogen atom, 
because it possesses only one electron. 
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Y oung Sgientist : Well, we agreed to start with the structure of 
the hydrogen atom. From what we have already said, you will 
have got the general idea that the hydrogen atom consists of one 
dectron of charge - e, in motion round a nucleus of charge -|- e, the 
dimensions of the nucleus being of the order lo cm, whilst the region 

covered by the motion of the electron is of the order lo-® cm. 

Older Metallurgist : Yes, that’s all right. But is it necessary 
to do all this to understand the nature of a metal ? 

YS : Yes ! The nucleus and the electron of the hydrogen atom are 
held together as a stable structure because of the electrostatic attrac- 
tion between the positive and negative charges. When one gets down 
to the bottom of things, it is this kind of attraction which is responsible 
for the cohesion in metals. As we shall see later, this attraction may 
take forms or produce effects which cannot be described in terms of 
" mmmnw sense,” but the hydrogen atom is the simplest example of 
all, and unless you understand it fairly thoroughly you will have little 
chance of understanding the structure of a metal. We have seen that 
the experimental evidence led to the idea of a nuclear atom with 
planetary electrons revolving in orbits round the positively charged 
nucleus. The simplest case will clearly be that of a circular orbit, and 
we will consider this first. 

OM : But what is your justification for assuming a circular orbit ? 
Surely there are many other possibilities ? 

YS : The circular orbit is assumed as being the most easy to deal 
with mathematically. After all, it is only common sense to try a simple 
assumption first. If it works, then well and good ; if it doesn’t you 
can make your more elaborate assumptions later. 

OM : Does the circular orbit work ? 

YS : Now ! Now ! You. mustn’t cheat ! The theory of the atom 
isn’t like a detective story where the dishonest reader can look at the 
last chapter first, and then say there is no need to read the rest of the 
book. There’s no taking short cuts like that ! 

Let us assume that we have an electron moving in a circular orbit 
of radius r, as shown in Fig. a. Then since the electron has a charge of 
—e, and the nucleus a charge of -f-e, tire electron will be attracted 

towards the nucleus with a force equal to If the electron is moving 

in a stable orbit, this inward force of attraction must be balanced by 

the outward centrifugal force which is equal to — , where u is the 

velocity of the electron and m is its mass. 
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We have, theretbrc, 

mtfi 

r r® 

and hence the kinetic energy of the electron, which is equal to - ma®, 
will be given by 



The total energy of the electron will be the sum of the kinetic energy 
and the potential energy, and when we measure the potential energy 
we have always to assume some arbitrary zero. For this purpose it is 
customary to take the zero as being that of an electron at rest at an 
infinite distance from the nucleus. In this case, as the electron ap- 
proaches the nucleus, its potential energy will become increasingly 
negative, and a simple integration of the inverse square law of force 
will show you that the potential energy of the electron at a distance r 
from the nucleus is equal to 

_ £® 

r' 

OM : That’s what always puzzles me. It doesn’t seem sense to 
talk about negative energy. Surely energy must be positive ? 

YS : No. It’s just a matter of the definition of where you start 
from. Lei’s take a simple example. Suppose you have a hill and 



Fig. 3 — ^To Illustrate the circular orbit assumed 
in the older theory of the hydrogen atom 

The electron of mass m and charge —eis assumed to move in a circular orbit round the nucleus 
of charge -f- e. If tiie radius of the circle is r, and the velocity of the electron is u, the ouUoard 

centrifugal force is equal to and this is balanced by the inward attraction which it equal to 

p {inverse square law of attraction) . 
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a valley, and you call the potential energy of a man in the valley zero. 
Then when he climbs the hill his potential energy will be positive. 
That all clear? 

OM: Yes. That’s right. 

YS; But, after all, that is purely arbitrary. If the man had a house 
on the top of the hill, he might quite reasonably call_ his potential 
energy at home zero, and in this case when he went down into the valley 
his potential energy would become increasingly negative. Isn’t that 
clear? 

OM: I see. You mean that he could adopt- whichever system he 
chose, and that all the energy values in the one system would differ 
by a constant amount from those in the other system ? 

YS : Yes. Whenever we include potential energy, there has to be 
an arbitrary zero. 

OM: Well, then, why not choose a more sensible zero, and so avoid 
these negative quantities ? 

YS: Well, what would you suggest? 

OM: Anything that makes it positive. 

YS: The difficulty there is that one can’t get a uniform zero for 
different atoms. If you take the zero of potential energy as being 
that of an electron at rest at an infinite cfistance from the nucleus, 
then all atoms can be compared on the same scale, because in each case 
you can imagine an electron at an infinite distance from the nucleus. 

OM: I see. So I suppose I shall have to get used to the negative 
values? 

YS : You will 1 You can see that since the kinetic energy is + - — , 
and the potential energy is — — , the total energy will be 

_ I 

8 r' 

OM: I see. So if you compare a large orbit with a small orbit, 
the larger orbit has the greater energy ? 

. YS: That’s right. In an infinitely large orbit the total energy 
would be zero and, as the orbit becomes smaller, the total energy 
becomes increasingly negative. You always have to do work in order 
to push an electron out from a small orbit to a large one. 

Further, you can see that since the kinetic energy equals 4 - — the 

a r ’ 

kinetic energy becomes smaller as the orbit becomes larger. So if we 
compare an electron in a large orbit with one in a small orbit, we may 
say that the electron in the large orbit has the smaller kinetic energy, 
but the larger potential energy and the larger total energy. 

OM: Does this apply to the more complete and recent theories? 
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YS: In a general way, yw. As you will learn later, we have to deal 
wi^ electronic motions which cannot be expressed in terms of simple 
orbits. But the general idea holds, and we have to do work in order to 
push an electron out from a state of motion near the nucleus to one 
farther from the nucleus. In a general way we may also say that the 
farther an electron is from the nucleus, the greater is its potential 
energy and its total energy, and the smaller is its kinetic ener^ The 
early theory which we have just considered has undergone drastic 
modification, but it did express a great deal of the truth. 

OM; Then, if I understand you rightly, the early theory said that the 
electron of the hydrogen atom could move in an infinite number of 
possible orbits, and that if the orbit had a radius r, the electron had a 

total energy equal to - i L, and a kinetic energy equal to + - -. 

YS: That’s right. ® ^ 
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O LDER Metallurgist: I’ve been thinking over what you have just 
told me, and I’ve come to the conclusion that the theory doesn’t 

work. 

Young Scientist: Oh! What do you think is wrong? 

OM: In the first place, I don’t see why you should get a stable atom. 
The theory seems to allow the electron to move in an infinite number 
of possible orbits, and I should liave expected the electron to move 
gradually closer and closer to the nucleus. Further, if changes in the 
energy of the electronic motion resulted in the emission of energy in 
the form of radiation, there would seem to be an infinite number of 
possibilities, and I should expect the emission spectrum of hydrogen 
to be continuous over a wide range of wave lengths. But if I under- 
stand it rightly, the hydrogen spectrum consists of a number of sharp 
lines. It seems to me, therefore, that the theory you have described 
accounts neither for the stability of the atom nor for the occurrence of 
sharp spectral lines. 

YS: You’re perfectly right, but you must not think that I have been 
wasting your time. The theory which I have described contains a 
considerable dement of truth. The general relation between the size 
of an orbit, and the accompanying potential and kinetic energies, 
applies to the more complete ^eories, and must be thoroughly grasped. 
But you are quite right in saying that the early theory could account 
neither for the stability of the atom nor for the existence of sharp 
spectral lines. 

OM: Well, tell me, how one does account for the stability of an 
atom? 

YS: I’m afraid it is rather a long story. I suppose you have grasped 
that light, and in fact all radiation, is a form of energy? 

OM: Oh, yes! That’s all right. Even people like myself did prob- 
lems about the loss of heat by radiation. 

YS: Well, the first theories of radiation were based on the assump- 
tion that energy could change continuously. But it was found that 
this led to difficulties, and that some of the facts could not be explained 
sa'^factorily. For our purpose we need not go into details, but in 
brief there was a complete hold-up until Planck in igor introduced 
the revolutionary idea that energy could be absorbed or emitted only 
in definite units or quanta, and that radiation of frequency v was 
^odated with quanta of magnitude hv, where h is the mysterious 
Flanws Constant, and is equal to 6,625 ^ io“*’ erg sec. In the case 
example, the well-known yellow line in the spectrum 
(the D hne) has a wave length of SjSggA. The velocity of light is 
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equal to a.99793 X lo’-® cm per second, and consequently the 
frequency of the D line equals 


a.99793 X 10^® a 

j- = 5.087 = 10^*. 

5893 X 10-* 

The corresponding quantum of energy is thus 

hv = 6. Gas ^ io“®’ X 5.087 x 10^* = 3.370 x lo-i® 
ergs, and the D line of sodium is regarded as the result of a transition 
in which the energy of the atom falls by 3.370 x iO““ ergs. 

OM: What sort of a change is that in terms of grams of sodium 
instead of a single atom? 


YS : The number of atoms in a gram atom is given by Avogadro’s 
Number, so the energy change per gram atom will be 3.370 X io-“ 
X 6.0347 ^ = ao.30 X 10“ ergs per gram atomic weight of 

sodium. Now i joule is equal to 10’ ergs, and i calorie is equal to 
4.1855 joules. The energy change per gram atomic weight is thus 
20.30 X 10^^ 

4 1855 X 10^ “ ^ calories = 48.5 kilo-calories per gram 

atomic weight. The atomic weight of sodium is 22.997, 


= 2.109 kilo-calories. 


energy change per gram will be equal to 

22.997 

The D line of sodium is thus the result of an atomic process, the 
energy change of which is equivalent to 2.109 kilo-calories per gram. 
It is in this way that Planck’s Constant can be used to indicate the 
magnitude of the energy change associated with the emission of radia- 
tion of known frequency. 

OM: Does the same constant apply to the lines of an absorption 
spectrum ? 


YS: Yes. A line of frequency v in an absorption spectrum is the 
result of a large number of atomic processes each involving the ab- 
sorption of a quantum energy equal to hv. This idea of quanta of 
energy was then extended by Einstein to the problem of specific heats 
of solids. It was generally accepted that die thermal energy of a 
crystal was the result of atomic vibrations, whose amplitude increased 
with rise of temperature. But the older views could not account for 
all the facts, and it was left to Eimtein to introduce the concept that 
a vibration of frequency v was associated with quanta of energy of 
magnitude hv. The original theory of Einstein was but a first approxi- 
mation, and there have been many developments, some of which we 
shall deal with later. For our present purpose it is sufficient to note 
that in many atomic processes radiant energy or vibrational energy 
appears to exist in the form of definite quanta, whose magnitude is 
given by the fundamental relation E = hv. Now you have already 
pointed out that the hydrogen spectrum consists of sharp lines of 
definite frequencies. Can’t you begin to see how this bears on our 
previous theories of the orbital motion of an electron round the hydro- 
gen nucleus? 
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OM- Wait a minute while I think. You mean that since the fre- 
quency of each spectral line is fixed, tlie quanta of energy are fixed 
by the relations E = hv, and hence each spectral line will correspond 
with a definite change in the energy of the atom. It looks as though the 
atom could somehow exist in a series of states each with a definite 
energy. 

YS: That’s right. That’s the point, the significance of which was 
first appreciated by Bohr in 1913. Bohr in his first great theory of 
the atom, from which everything else has followed, made the funda- 
mental assumption that of all the conceivable orbits which the classical 
theory allowed, only certain orbits were actually possible, and that, 
when the electron moved in one of these orbits, it was in a stationary 
state in which it neither gained nor emitted energy. If an electron 
jumped from a stationary state of energy to a stationary state of 
energy (less than E^ the transition was imagined to correspond 
'with the emission of a quantum of energy whose frequency was given 
by the relation 

hv = El — Eg. 

In the same way the lines of the absorption spectra corresponded with 
transitions from a state of lower to one of higher energy. 

OM: Does all this apply to other atoms, or only to hydrogen? 

YS: It’s perfectly general. Other atoms contain more electrons, 
so that the electronic motion is more complicated, but each atom is 
again imagined to possess a number of stationary states, and the sharp 
spectral lines are the result of the electronic motion changing from one 
stationary state to another. 

OM: It seems to me that the assumption of stationary states is a 
rather obvious ad hoc assumption. 

YS: Now! Now! You’re being wise after the event! It was cer- 
tainly an ad hoc assumption, made with the deliberate object of ob- 
taining a stable atom, and of accounting for sharp spectral lines. But, 
however simple it may seem now, the assumption of stationary states 
was anything but obvious when it was first made. You didn’t suggest 
it yourself although I’d given it you almost ready labelled. The intro- 
duction of simple ideas which everyone has missed is the hall mark of 
genius, and Bohr is a genius of the first order. 

OM: How was it possible to choose the stationary states? 

YS: Well, to understand that you will have to go a little more 
deeply into things. You have already pointed out tliat the spectrum 
of hydrogen consists of a number of sharp lines. Examination showed 
that these lines could be grouped together in series, and that the 
^uendes of the different lines could be expressed by equations of the 



where ni and were whole numbers and C was a constant. There 
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was, for example, one series of lines whose frequencies were given by 
the relation 


where = a, 3, 4 , 
given by the equation 

where n 2 = 3> 4) 5 ■ ■ 



. etc. Another series of lines had frequencies 



etc. 


OM: Was all this found out by Bohr? 

YS : Oh, no ! The classification of the lines was made much earlier. 
The first series was discovered by Balmer in 1885. Bohr realised that 
these series relations contained the clue to the stationary states of the 
hydrogen atom, and he found that the correct results could be pre- 
dicted if it were assumed that the only possible circular orbits of the 
electrons in the hydrogen atom were those for which the angular 

momentum was a whole number multiple of — , where h is Planck’s 

Sir 


constant. 


OM; What’s the angular momentum of an electron in a circular 
orbit? 


YS: The angular momentum, or moment of momentum of an 
electron in a circular orbit, is equal to mur. You can see that rm is 
the momentum of the electron, so that mur is the moment of the 
momentum about the centre of the orbit. 

OM: What is the significance of it? 

YS : Well, if you look upon momentum as a measure of the quantity 
of movement, then angular momentum is a measure of the quantity 
of movement and its turning efifect. The importance of angular 
momentum is that in processes suclr as collisions, it is conserved. 

OM : Then you mean that Bohr’s assumption is equivalent to saying 
that 

mur=± 

.Stt I 

where » is a whole number? 


YS: That’s right. Further, you will find that if you combine this 
relation with the earlier equations, the energies of the electrons in the 
different stationary states are given by 

P _ 27 t® me* 1 

^ A* ^ 

In this way transitions of the electron from stationary states for 
which B = 2, 3, 4 . . .to the stationary state for which n = i, will 
give energy changes proportional to terms of the form 


I 
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SO that the general type of spectral series is accounted for. This in 
itself is not so very remarkable, because the assumptions were cliosen 
with this end in view. That is to say, Bohr saw that the series laws 
required the angular momentum to assume whole number multiples 
of some common unit. What was remarkable was that the numerical 
values came out almost correct. It is common practice to deal, not 
with the frequency v, but with the wave number, that is, the number 
of waves per unit length. If A is the wave length of a .spectral line 

and c the velocity of light, the wave number i is equal to -. The Bohr 

theory of circular orbits thus required the wave number associated 
with a transition from an orbit of quantum number to one of quan- 
tum number Sj to be 

I _ siAne^ f I _ D (j_ 

A “ «a®/ 

where R, the so-called Rydberg constant, was equal to 

av*me^ 

It was then found that the above value for R was almost exactly that 
required by experiment. This was quite unforeseen, and showed that 
a discovery of the first importance had been made. Planck’s Constant, 
which had been discovered in quite different connections, suddenly 
appeared as playing a vital part in problems of atomic structure. 

OM: You said that the constant term was veiy nearly correct. 
Should it not have been exactly so? 

YS: No. So fer we have been making one simplifying assumption: 
namely, that when the electron revolves round the nucleus, the latter 
may be considered as fixed. Strictly speaking, this is justified only 
if the nucleus is infinitely heavy compared with the electron. In the 
actud problem the electron revolves round the common centre of 
gravity of the nucleus and electron. When this small correction was 
applied, the constant R was found to have the correct value. 

OM: Is that the whole story of the Bohr theory? 

YS : Oh, no ! You yourself pointed out that circular orbits were only 
one out of inany possible types. The more general case is that of an 
elliptical orbit, and the Bohr theory was extended to the case of elliptical 
orbits, for which the stationary states required the introduction of two 
quantum numbers. 

OM: Wait a minute. What’s a quantum number? 

YS : Well, in the case of the circxilar orbit, the possible states were 
defined by the relation 

nh 

mur = — 

' Stt 

as we have already explained (page ag). The term n can assume the 
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whole number values i, a, 3 . . . and these are called qviantum 
numbers. The total energy varies as — so that the energy becomes 


greater with increasing quantum number. 

OM : What then is the significance of the two quantum numbers in 
an elliptical orbit? 

YS: The first and second quantum numbers are denoted by the 
symbols n and A, and in the case of the hydrogen atom the major 
axis of the ellipse is proportional to n® whilst the minor axis is propor- 


tional to An, so that - gives the ratio of the minor axis to tlie major axis, 


and so determines the eccentricity — ^when n = A the orbit is circular. 
The secondary quantum number A may have any value up to, but not 
greater than n. In a hydrogen atom the energy of the electron is pro- 


portional to — so that all orbits of a given n have the same energy. 


The secondary quantum number A is a measure of the angular momen- 
tum of the electronic orbit, the angular momentum being equal to 

kh 

— . You will see that for a circular orbit where n == k, this is equivalent 
to our previous statement that the angular momentum was equal to 

2n' 

OM: In the theory of the elliptical orbits, can one have a series of 
orbits of the same n but different A? 

YS; Oh, yes! If « = 3, for example, one can have the three orbits 
defined by » = 3, A = i ; n = 3, A = a ; n = 3, A = 3. Of these the 
last will be circular, and the first will be the most eccentric. You will 
probably have read popular accounts of the theory of relativity? 

OM: Yes, that’s all right. The ordinary laws of motion go wrong 
for very high velocities, don’t they? 

YS: Yes, and in the more advanced developments of the Bohr 
theory that had to be taken into account. In an eccentric elliptic 
orbit, the distance of the electron from the nucleus varies as it goes 
round the orbit, and this causes an alteration in the velocity — ^the 
velocity of the dectron is greatest when it is nearest to the nucleus. 
All this had to be considered theoretically, and the result was a very 
satisfactory theory of the hydrogen atom. 

OM: Did the theory apply to other atoms as well? 

YS: In a general way, yes. The problem becomes enormously 
more complicated when more tlran one electron is present, because the 
motion of each electron is affected by the fields produced by the other 
electrons, and these are all moving. But Bohr was the first to produce 
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a general scheme showing how the electrons were divided into difiereht 
groups. The details have been slightly modified or extended by later 
workers, but it is to Bohr that the whole idea is due. 

OM: What do you mean by saying that the electrons are divided 
into groups? 

YS: WeU, we’ve already seen that the periodicity summarised in 
Mendeleev’s table (page i8) suggested that some kind of repetition 
occurred in the process by which atoms were built up with increasing 
numbers of extra-nuclear electrons. We have also seen that in the 
hydrogen atom, the one electron can enter a series of possible electronic 
states defined by the quantum numbers n = i, 2, 3 . . . Bohr’s 
general idea was that in going down the periodic table, electrons 
entered a group defined by one or more quantum numbers, and that 
when this group contained a certain number of electrons, a stable 
arrangement was produced, so that on passing to the next element the 
extra electron had to enter a new group, and in this way the periodicity 
of properties was explained. 

For example, a large number of facts indicated that the alkali 
metals contained one relatively loosely-bound electron, and Bohr 
concluded that the valency electrons of lithium, sodium, potassium, 
rubidium, and caesium were in orbits with the principal quantum 
number « = 2, 3, 4, 5 and 6, respectively, and the secondary quantum 
number k — i. The remaining electrons of these elements were then 
regarded as filling groups of lower quantum numbers. 

OM: Then do you mean that the energies of the valency electrons 
of the different alkali metals are all related by terms of the type 



YS: Oh, no! The simple — ^ terms of the hydrogen atom are the 

result of the electron being under the influence of the one nucleus of 
charge -f- e. In the alkali metals, the nuclear charge is greater but, 
as far as lie valency electron is concerned, most of the nuclear charge 
is neutralised or screened off by the other electrons, and the problem 
is complicated. 

OM: So it amounts to saying that the quantum numbers of the 
valency electrons of the alkali metals are no longer so simply related 
to their energies? 

YS: That’s right. But the general character of the elliptical orbits 
was assumed to be retained. The orbit of the valency electron in 
caesium (a = 6, A = i) was regarded as more eccentric than that of 
the valency electron in lithium (a = 2, A = i). But it is not worth 
our while worrying about the details of the elliptical orbits because, 
although the Bohr theory was the first great step forward, the whole 
viewpomt has now been changed. Much of the detail of the Bohr 
theory has been discarded, and we have even had to reject the idea 
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of motion which can be visualised as that of an electron in an orbit. 
But the great landmarks of the Bohr theory still stand. The electrons 
in atoms do occupy stationary states, and these are characterised or 
defined by quantum numbers. The spectral lines are the result of 
transitions from one stationary state to another, and the equation 
= h> does relate the frequency of the quantum of radiation 
to the energies of the two stationary states. Further, the division of 
electrons of the atoms of the elements into the main groups and sub- 
groups which was first made by Bohr still stands. The theory contains 
an immense element of truth, and you must understand its main ideas 
if you are to appreciate what follows. 


Suggestions for further reading. 

^r a detailed account of the Bohr theory, the foUowing books may be recommended : 
rU ^cture of^ Aim, E. N. da C. Andrade, igay fG. Bell & Son, London) : 

The Electronic Theory of Valency, N. V. Sidgwick, igay (Clarendon Press, Oxford). 
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O lder Metallurgist: I’ve been thinking over what you said and, 
if it isn’t impertinent for a mere metallurgist to say so, it seems 
to me that the Bohr theory isn’t so satisfactory as you made out. 

Young Sgientist: Well, let’s hear your objections. 

OM: It’s rather difficult to explain what I mean, but it seems to 
me tfiat you are really trying to unite two quite different points of 
view. On the one hand, you’ve been speaWng of electrons in orbits, 
and for these you have been using the equations of ordinary schoolboy 
dynamics. Then you have suddenly introduced these whole numbers, 
and you’ve planted them down on the top of ordinary dynamics 
without any justification or reason. I can quite well see the fascination 
of the whole-number relations for the spectral series, but it seems to 
me that your procedure is logically unsatisfactory. 

YS; You’re quite right. The Bohr theory, in spite of its great 
success, was logically unsatisfactory. As you have pointed out, the 
electron in its orbit was assumed to behave like an ordinary “ classical 
particle,” and Aen the apparently quite arbitrary whole number or 
quantum relations were superimposed. This was quite illogical, and 
the whole theory was a rather confused jumble of the older mechanics, 
and what seemed to be quite arbitrary whole number restrictions. 
Further, some facts were found which did not agree with the Bohr 
theory, and it became apparent that although the theory was an 
immense step forward a fundamentally different outlook wa.s required. 
OM: Is it possible for me to understand the next stage? 

YS : As you pride yourself on being a practical man, it will probaljly 
be best to keep in touch with experiment as far as possible, and we 
may say that considered experimentally — this is not the historical 
order of things — ^the secret to the mystery lies in the fact that electrons 
are found to exhibit interference effects, and to behave in some ways 
as though they were waves. Have you heard anything about this ? 

OM: Well, I know that it is possible to determine crystal structures 
by means of electron diffraction methods, but I don’t know much 
about the details. 

YS: You know how electrons are given off by a metal if it is heated 
to a high enough temperature? 

OM : You mean as in thermionic valves ? 

YS: Yes, that’s right. Well, if you take a stream of electrons, and 
let them fall through a known potential difference, you obtain a beam 
of elections moving with a velocity which can be calculated. It was 
first shown by Davisson and Gerraer (1927), and by G. P, Thomson 
(1937), that a beam of electrons of velocity u underwent diffraction 
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effects, as though it consisted of waves of wave length A given by the 
relation 



mu 


If, for example, a beam of electrons of velocity a is allowed to strike 
a specimen of metal filings, it is not scattered uniformly in all directions 
but produces diffraction rings quite analogous to the rings formed by 
X-rays in the Debye-Scherrer method of X-ray crystal analysis. 
Fig. 3 shows examples of electron difiraction patterns. 

OM: You mean that if you change the velocity of the electrons, 
you alter the wave length? 

YS : That’s right. The faster the electrons are travelling, the shorter 
is the wave length, as you can readily see from the above equation. 

The reciprocal of the wave length, is often called the wave number. 


and is given by 


I 

A 


mu 

T 


so that the wave number, or number of waves per centimetre, 
proportional to the momentum of the electrons in the beam. 


is 


■■*«r«***^' 



Spluttered platinum; normal pattern 



Beaten gold foil ( Trillat and Oketani) 


Fig. 3— Examples of electron 
diffraction patterns 


Spluttered platinum [iii] mentation 


UUiulnlimi npndmed fnm “ Than and Praeliei of 
Blectnn Diffraelkn" {Thomsm & Cochrmt), by 
mirlesy of Maemillan SI Co„ lid. 
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OM: That’s all very interesting, but what has it got to do with the 
structure of atoms or of metals? 

YS: Doesn’t it strike you that it is going to be very difficult to 
recondle these wave-like properties with the existence of the electri- 
cally-charged particles which we have imagined to move in orbits? 
It is surely the essence of a particle that it is all together in one place, 
whereas these interference effects seem to require continually expand- 
ing wave fronts which may reinforce or may neutralise one another 
according as they are in phase or not. 

OM: Well, if you are going to argue like that, surely exactly the 
.BaTTip applies to what you have said about the quantum theory of 
light? Everybody knows that light is a wave motion of the ether, 
and this requires continuously expanding wave fronts, whereas you 
have said in almost so many words that light travels about in little 
bundles, or particles, or quanta, or whatever-you-like-to-call-them of 
energy. You can’t have it both ways — cither light is a wave-motion, 
or it is a stream of particles — it can’t be both. 

YS: The comparison you have made is quite a fair one, and the 
difficulty of reconciling the wave-like and particle-like aspects of light 
is quite analogous to the difficulties in connection with the particle 
and wave aspects of the electron. 

OM: It seems to me that this is a case where the physicists have been 
frankly dishonest. They have used a wave theory where it suited them, 
and a particle theory where it suited them, and they seem to have 
ignored the fact that the two ideas are in plain contradiction. 

YS: Well, as a matter of fact, the modern theory is concerned 
largely with the problem of reconciling the two points of view. 

OM: You can’t have it both ways. It must be one or the other — 
waves or particles — ^not botli. 

YS : Suppose you ask yourself exactly what you mean by the wave 
theory of light. Have you ever watched light waves, or read of any 
experiments of that kind? 

OM: No. That’s not my line of work. I should like to hear about 
the experiments, though, 

YS: Well, to be candid, there euren’t any. Nobody has ever seen 
light waves in the act of waving. 

OM: But surely the interference experiments must mean that there 
are light waves ? 

YS: Now! Now! You say that you are a sound practical man, 
so suppose you thi^ for a minute, and ask yourself what are the actual 
observable quantities in an interference experiment. 

OM: Well, I suppose you measure light patches and dark patches 
on a screen or on a photographic plate. 
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YS: Exactly! The observables are the relative intensities of light 
at different places. These intensities are what you observe or measure, 
and nobody has ever observed an actual light wave. Further, nobody 
has ever detected the hypothetical ether to which you referred. For 
a long time people imagined that %ht was a vibration in an actual 
physical ether, and all sorts of hypotheses were advanced about the 
nature of the vibrating medium. But there was a complete failure 
to detect the medium, or even to be able to detect motion through it. 
The celebrated Michelson-Morley (1887) experiment was an attempt 
to detect the motion of the earth rdative to the ether, but it failed 
completely, and all other attempts to reveal the presence of the ether 
have failed. 

So, as a sound practical man, you must accept it that the observable 
quantities in an interference experiment are the intensities of light. 

OM: But, surely people still use the wave theory? Why, the equa- 
tions of the wave theory are used in X-ray crystal analysis! 

YS; Now! Now! You must think more carefully! What you do 
in X-ray diffraction work, or in any optical interference experiment, 
is to calculate the relative intensities of the radiation at different 
places by means of certain mathematical equations. These equations 
are the same as those for a wave motion, and the function which 
expresses the intensity of the radiation is proportional to the square 
of what would be the amplitude if the equations referred to an actual 
wave motion. It is of course perfectly true that, historically, the 
equations were deduced on the assumption of a wave theory of light 
but, as a practical man, what you use is the mathematical equation, 
and you are not concerned with the historical background. 

OM; But surely the fact that the equation is that of a wave motion 
must mean that light is a wave motion? 

YS; Oh, no! That doesn’t follow at all. The following example 
was, I think, originally due to F. A, Lindemann (now Lord Gherwell), 
and may perhaps help you. You know what is meant by a steel rod 
in torsion? 

OM; You mean a rod held at one end and twisted at the other? 

YS: That’s more or less right. Well, there is a certain mathe- 
matical equation which gives the stress in a rod under torsion. D’you 
know anything about soap bubbles? 

OM: About what? 

YS : About soap bubbles. 

OM: But what have soap bubbles to do with steel rods in torsion? 

YS: Well, when you blow a soap bubble, there is a certain mathe- 
matical equation which expresses the curvature of the bubble. It 
was noticed by G. I. Taylor in 1917 that the equation for the curvature 
of the soap bubble was of the same mathematical form as that for 
the stress in a rod under torsion. The mathematical correspondence 
was so complete that in cases where the torsional problem was too 
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to be 'solved, it was possible to blow the appropriate soap 
bubble— sometimes they blew out a thin rubber membrane instead— 
and then by measuring its curvature it was possible to solve the 
problem in torsional stress. 

OM: That was clever work. 

YS; Yes it was very ingenious, and you can understand how a 
group of who were continually solving stress problems by these 
methods might become so familiar with them that tliey began to 
visualise the torsional problem in terms of the appropriate soap 
bubble. In this way they might begin to build up a kind of " soap- 
bubble statics ” in which all the problems investigated were those of 
torsional stress, whilst all the equations used could be visualised in 
terms of soap-bubble curvature. But, however far this correspondence 
was carried, they would clearly never be justified in saying that a rod 
of sted in torsion was a soap bubble, 

OM: I begin to see what you are after. You mean that the fact that 
the mathematical equations used in interference problem.s are the 
same as those of wave motion does not mean that light itself is a wave 
motion. 

YS: That’s right. 

OM: Then how am I to think of light? 

YS: You should think of a light ray as consisting of a stream of 
light partides, ox photons, each of energy where v is the frequency 
and h is Planck’s Constant. The intensity of the light at any place 
is proportional to the density of the photons, or to the number of 
photons per unit volume at the place concerned. When you want to 
calculate this intensity, you use the equations of the wave theory, 
with the interpretation that the square of the amplitude at each place 
is proportional to the density of photons, or in other words to the 
probability of finding a photon at the place concerned. In this way 
you drop all attempts to think of a mechanical vibrating medium, 
or ether, and your wave theory remains merely as a form of mathe- 
matics which enables you to calculate the density of photons at 
different places. In an interference experiment for example, the places 
of bright illumination are those where there is a high probability of 
finding a photon, and are the places where the amplitude is high. 
The dark regions are the places where the amplitude is zero, or at 
any rate very small, and are the regions where the probability of finding 
a photon is small. In this way you think of light as consisting of particles, 
and you interpret the intensities on a proba&lity basis, the probabilities 
being calculated by means of the equations of the wave theory. 

OM; Then does this mean that all the properties of light can be 
interpreted in terms of the same theory? 

YS; Yes. The early form of optical theory, geometrical optics, dealt 
with light rays, and was concerned with the relatively large-scale 
phenomena such as reflection and refraction. This branch of optics 
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failed entirely to explain interference phenomena^ and these were 
explained by the wave theory. It could, however, easily be shown 
that the wave theory led to me laws of the older geometrical optics 
when the scale of events was much larger than a wave length. So the 
wave theory included the older geometrical optics, but seemed at first 
to be in contradiction to the quantum phenomena. The line of ap- 
proach which I have described reconciles these two aspects xif light. 
It does not, of course, provide an explanation of why light behaves 
in this way, but it reduces the facts to order. We can accept the fact 
that we meet light in the form of photons, and at the same time we 
can accept the wave theory as giving a means of calculating the photon 
densities of light at different places. 

OM: Then does this line of approach mean that it is no longer 
correct to speak of light waves ? 

YS: Oh, it’s perfectly all right to speak of light waves, and to 
think in terms of light waves, provided that you remember that it is 
nothing more than a means of visualising your mathematical equa- 
tions — ^there is no harm in the engineer visualising his problems of 
torsional stress in terms of soap-bubble curvature, provided that he 
doesn’t mistake soap for steel! 

OM: Then you mean that I have got to get used to the idea of 
thinking of the wave theory of light as nothing more than a method 
of calculating the probabilities of finding photons at different places ? 

YS ; That’s right. In a sense the waves may be called probability 
waves — ^where the amplitude of the waves is large the probability of 
finding a photon is great. 


.Suggestion for furtlier reading, t'or work on electron diffraction reference may 
tie made to Theory and Practice of Electron Difraction, G. P, Thomson and W. Cochrane 
(Macmillan and Co,, Ltd.). 
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O LDER Metallurgist: From the hints you have dropped, I suppose 
you are going to tell me that tlic electron waves arc to be treated 
in the same way as light waves ? 

Young Scientist: That’s more or less right. 

OM: But the more I’ve thought about that, the; more it seems to 
me that it isn’t sense. What I mean is this: light has always been 
rather a funny thing— it travels about, but it has no weight, and its 
wave properties are very pronounced. I think I did begin to under- 
stand what you meant about the probability theory of photon density, 
but it all seems rather mysterious, and quite different from electrons 
which are, after all, quite definitely particles. 

YS: Well, to be honest, I think you are wrong there, and that you 
arc being influenced by die historical order of things. In the case, of 
light you were thoroughly used to a wave theory before the “ photon ” 
or “ particle ” properties of light were discovered. In the case of 
electrons, on the other hand, you were acquainted with the “ particle ” 
properties before the wave-like properties were discovered. But you 
must remember that in the case of an electron diffraction experiment, 
the wave-like characteristics are just as pronounced as those in optical 
diffraction. Conversely, in a photo-electric experiment the photon 
behaves very definitely like a particle. In each case there is a dual 
particle and wave behaviour. 

OM: Then do you mean that the waves of an electron have no 
physical existence, and are simply to be interpreted as probability 
waves? 

YS: Exactly. Just as you are to think of light as consisting of 
photons whose density is given by the amplitude of a wave equation, 
so you are to think of electrons as particles, and then when you want 
to calculate the density of electrons at a given place, or in otlier words 
the probability of finding an electron in a given small volume, you are 
to use a wave equation whose ara^itude is to be a measure of the 
electron density. In an electron diffraction experiment, for example, 
a beam of electrons is reflected from a crystal, and a diffraction pattern 
is produced on a film. In this case the spots on the film are the places 
where the electron density is high, and these arc the places where the 
amplitude of the wave equation is large. In this way the interference 
effects produced by electrons can be interpreted in terms of probability 
waves, just as was the case for light. 

OM: Ah! Now that brings me to my second objection. All this 
talk about interference is very interesting, and if I were going in for 
electron diffraction work I should like to know about it. But I can’t 
see that it has much to do with the structure of atoms, or of metals. 
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Surely what we need is the way in which electrons move around or 
between atoms, and we needn't bother about interference. 

YS: Oh! But it’s all part of the same general problem. Suppose 
we imagine an electron diffraction experiment which I have sketched 
in Fig. 4. Here a beam of electrons is reflected from a crystal X, and 
produces a diffraction pattern ab on the photographic film F. Then 
surely the principles whicK explain why the electrons travel in the 
directions Xa and Xb, and not in other directions, will just be one 
particular example of tlie very laws for which you are asking, namely, 
the principles which govern the motion of electrons round and in 
between atoms? 

OM ; Then do you mean that the wave-like properties of the electron 
are connected with what one might call the dynamics of the electron? 

YS : If by dynamics you mean the way in which electrons move, 
then certainly yes. You must remember that we always meet a 
whole electron, and so the “ particle probability ” interpretation of a 
diffraction experiment clearly means that electrons travel in some 
directions and not in others, and this means that we are getting down 
to the dynamics of the electron. 

OM: But, surely the trajectory of a particle is quite a different 
matter from the propagation of a wave? 

YS: Now! Now! You are getting back into the old groove again! 
The electron waves are not material waves. They are merely mathe- 
matical functions from which you calculate the probability of finding 
the electron at different places. These probabilities must clearly be 
connected with the way in which the electron moves, and since the 
equations can be visualised in terms of wave motion, it follows that 
trajectories of electrons are somehow connected with the wave-like 
properties. 


Photogrophic 



Fig. 4 — To illustrate an electron diffraction experiment 

A parallel beam qf eUetrons strikes a metal crystal X. If the crystal is suitably orietitated, 
diffracted rays are produced in the directions Xa and Xb. If the electrons have a velocity u, they 

are diffracted by the crystal as though they possessed a wave length of The process is 

analogous to the production qf X-ray diffraction patterns, and it must be emphasised that the 
qffect illustrated will occur only if the crystal is sidlably orientated relative to the electron beam. 
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OM’ Now that doesn’t seem to me to follow at all, and it brings 
up an objection I was going to have raised about ycnir probability 
theory of photons. In all this discussion you’ve been talking about 
rays of light and beams of electrons — tliat is to say, immense numbers 
of photons or electrons. Now I don’t profess to understand your 
probability waves, but I can dimly imagine that a number of electrons 
might affect one another so that they travelled in some directions and 
not in others, and I suppose the same thing might apply to the photons 
in a beam of light. But now suppose you were to pass one single 
electron through a diffraction apparatus. Tlien the electron must go 
somewhere— if it’s a particle it can’t interfere with itself— so it seems 
that your methods work with streams of electrons but not with a 
single electron, and the same objection would apply to a single photon 
in the case of light. 

YS; Ah! Now you are getting down to something very funda- 
mental. Let us suppose that we do pass a single electron through the 
diffraction apparatus of Fig. 4. Then we find that the position is as 
follows: We cannot calculate or predict where the electron will travel. 
There will be a certain probability that the electron (ravels in the 
direction JPa, and another probability that it travels in the direction 
Xb, and so on. The amplitudes of the wave function arc a measure 
of these probabilities, and the relative probabilities cair be calculated 
exactly, but we cannot calculate or predict which path the electron 
will t^e. 

OM: But that seems to me absurd. You seem to suggest that if 
the experiment were repeated, the electron might go one way on one 
occasion and another on a second occasion, even though the conditions 
of the experiment were identical. 

YS: Exactly! The new viewpoint implies that there is a degree 
of uncertainty as regards the behaviour of the individual electron or 
individual photon. The relative probabilities can be calculated 
exactly, but we then reach the limit of our powers, and the rest is 
indeterminate and unpredictable. You will see, therefore, that the 
wave-equations are much more closely bound up with the dynamics 
of electrons or photons than you had imagined. Your idea that the 
waye-Iike characteristics of electrons or photons were due to inter- 
action between numbers of electrons is quite wrong. If we consider 
one single electron, the probabilities of finding it at different places are 
still measured by the amplitude of the wave-equation at the places 
concerned— large amplitude means a high probability— and the same 
applies to a single photon. This means that if you try to visualise 
your equations as waves you have to admit that one electron can 
interfere wilh itsdf but, as I’ve already emphasised, the waves are 
ineam of visualising the equations, and the waves have no actual 
physical existence. 




7 — Heisenberg’s Principle 

O LDER Metallurgist; What you have told me about the single 
electron is really most extraordinary, but even though a single 
electron has to be thought of as interfering with itself in the sort of 
experiment you have indicated in Fig. 4 , I don’t see that it has much 
to do with the problem we are considering in the case of the hydrogen 
atom. We are concerned with the trajectories or paths of motion of 
an electron round the nucleus, and surely this is a straightforward 
problem in dynamics, and need not involve any interference effects or 
wave-like properties at all? 

Young Scientist: Well now, you are a practical man, so suppose 
you tell me just what you mean by a straightforward problem in 
dynamics. 

OM: Ohl That’s easy enough! I mean a problem dealing with 
quantities like velocity, momentum, kinetic energy, and so on. 

YS : Have you ever asked yourself exactly what you mean by these 
quantities, and how you would measure them in the case of an electron? 

OM: What does that matter? We all know what they are — ^it’s 
self evident. 

YS; There, I think, you are fundamentally wrong. It seems to me 
that when you say an electron is at a certain position in space, or that 
it possesses a certain momentum, you must be able to describe some 
experiment which serves as a measure of the values you give. Other- 
wise it seems to me that your statement has no real meaning. 

OM ; Oh, look here 1 Must we be as philosophical as this ? 

YS : In this particular case, yes ! If you are going to understand the 
behaviour of electrons, you must understand exactly what your expres- 
sions imply. After all, it is a matter of some importance. If you 
said that an electron was at a position x, and I contradicted you and 
said that it was at^, would you say it was merely a matter of opinion? 

OM: Of course not. I’d most certainly show you that it was at 
X. I must confess that I am not enough of a physicist to know exactly 
how I would do it, but I’d make it reveal its presence somehow or 
other. 

YS: Now you are getting down to it! You mean that you would 
carry out an . experiment in which the electron interacted with its 
surroundings, and revealed itself by something like the movement of a 
galvanometer, or the emission of a quantum of light. 

OM: That’s the sort of thing I meant — and exactly similarly for 
momentum, energy, etc. You’ll know much more than I do about the 
actual experiments, and if it will help you I’ll agree that the appropriate 
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experiment should be made, although frankly I think you arc 
bothering me with a lot of philosophical twaddle. 

YS • The truth of the matter is tliat one comes acros.s a most awkward 
fact namely that any experiment by which the electron is revealed 
results in a disturbance of the electron. This difficulty is really present 
whenever we measure anything, and you will find that when you speak 
of quantities like position, momentum, etc., in ordinary schoolboy 
dynamics, you are really assuming that you can ignore the disturbance 
caused by the act of measurement. 

OM: Give me an example of what you moan. 

YS; Well, suppose you are going to measure the length of something. 
You will want to compare it with a standard scale and, if you press 
the scale against it in order to make “ contact,” the pressure will 
cause a slight deformation, and you will be uncertain about the extent 
of this. 

OM : I shouldn’t dream of doing it like that. I .should put the two 
side by side and look at them through a ti-avelling microscope. What 
is more, I’d get the optical conditions right and in order t( i obtain good 
resolution, I’d use light of very short wave length, and an objective 
of high numerical aperture. I’ll grant you that there Is a limit to the 
resolving power, but in principle I could use light of inlinitcly short 
wave length, and get the measurement exact. And what is more, 
I could detect the position of an electron in the same way, because I 
have read about electrons scattering light. 

YS: Well, as a matter of fact, if you did try that method yon would 
find that a beam of light exerts a small prc.ssure on anything which it 
strikes, and this pressm-e increases as the wave length diminishes. 

OM: But surely that sort of effect is so small that we can ignore it? 

YS; If we are measuring objects of the order i gram, these effects 
are negligible, but when we deal with single electrons, things are very 
different, As you yourself have said, electrons can scatter light, and 
the scattering process may be regarded as the result of a collision 
between a photon and an electron. As a result of this collision, the 
electron undergoes a recoil, the direction and magnitude of which can 
be calculated if one knows the angle through which the light has been 
scattered, that is the angle through which the photon has been de- 
flected. This process is known as the Compton effect, and it is one of 
the phenomena in which the particle properties of light arc very 
marked. Furthermore the recoil of the electron increases as the wave 
length of the light diminishes, so if you did use light of very short 
wave length to measure the position of an electron, you would disturb 
the electron tremendously. 

OM: That is very interesting, but I don’t sec why it should worry 
1 j though we did disturb the electron by our measurement, we 

could in prmciple measure its exact position before it was disturbed. 
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YS: What you say is quite right although it is only part of the 
truth. You are quite correct in saying that we could in principle 
measure the position of the electron accurately by using light of very 
short wave length. We can generalise this statement, and say that if 
we consider any one of the quantities — ^position, momentum, kinetic 
energy, angular momentum, etc. — we can generally describe an ex- 
periment which would in principle enable us to measure the quantity 
concerned as accurately as we wish. 

OM; What have you got to worry about then? 

YS : Well, if you come to think of it, our description of the early 
theory of the hydrogen atom and your suggestion that we are concerned 
with a straightforward problem in dynamics imply a simultaneous 
knowledge of more than one of these quantities, position, velocity, 
etc. When we drew Fig. a (page 33) we implied that we could consider 
the electron to be exactly at the point marked, and that we could have 
an exact knowledge of its momentum, kinetic energy, etc. 

OM: Why on earth shouldn’t we? 

YS : At the risk of boring you, I must repeat what I said before — 
namely, that if statements of this kind are to have real meaning, you 
must be able to describe an experiment which will enable you to 
measure the quantities concerned. 

OM: Well, that’s easy enough. We’ve simply got to carry out two 
experiments of the kind we have already discussed. You yourself have 
said that some one experiment can be found which will measure one of 
the quantities accurately, and so all we have to do is to make two 
experiments to measure the two quantities, and that’s that! 

YS: Ah! Would that it were so! But unfortunately you have failed 
to see that the first experiment may disturb the electron so much that 
you cannot carry out the second experiment accurately. 

OM; Give me an example of what you mean. 

YS : The usual illustration of the point concerned is an attempt to 
measure the position and momentum of an electron at a given instant. 
You have already suggested an experiment in which you measure the 
position of an electron by means of a microscope. See if you can adapt 
it so as to measure the position of an electron and its momentum at a 
given instant. You may take the momentum to be the mass multiplied 
by the velocity, so that an experiment which measures the velocity 
and the position of an electron at a given instant will be satisfactory. 

OM : Well, I suppose I could set up two microscopes in the line of 
motion of the electron. I’d notice the time at which the electron was 
seen under the first microscope, and then the time at which it was seen 
under the second microscope, and in that way I could deduce its 
velocity, and, by focusing the microscope on points very close together 
I could get the velocity at the point half-wky between them. As I 
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explained before, I should use light of very short wave length and 
objectives of high numerical aperture m order to get good resolution 
and accurate measurements of the positions. 


YS* But you’ve forgotten the Compton effect of which I told you. 
Your 'observation of the electron through the first microscope means 
that the electron has scattered at least one photon, and so its motion 
will have been disturbed. 


OM: But you that the amount of the recoil could be calculated. 

YS : I said it could be calculated if we knew the direction in which the 
photon was scattered. 

OM: Well, measure the direction then. 


YS: That’s what you can’t do, because you are using objectives of 
high numerical aperture, and so they receive light from a wide range 
of angles, and you can’t get the direction from which the light comes. 

OM: I’m sorry, I got it wrong there. I should have suggested using 
an objective of low numerical aperture. 

YS : But then it will have a low resolving power, and you won’t be 
able to measirre the position accurately. 


OM: You devil! You know, you are not treating me fairly. You’ve 
egged me on to use this method, and I agree that I’ve walked straight 
into a trap. On thinking it over, I can see now that the veiy conditions 
which arc necessary to measure the position accumtely will produce 
the greatest uncertainty in the velocity, and vice versa. The method 
won’t work, and it’s up to you to suggest one which will work. After 
all, it’s you and not I who claim to know something about physius. 


YS: You are being unfair to both of us. The method you have 
suggested is in principle a very good one, and I couldn’t have suggested 
a better. The fact is that this difficulty is really fundamental, and 
nobody has been able to devise any method by which the simultaneous 
position and momentum of an electron can be measured exactly. 
However we set about it, the conditions necessary for the greatest 
accuracy in the measurement of the position produce the greatest 
uncertainty in the momentum, and vice versa. The phenomenon is 
called the Uncertainty Principle of Heisenberg, and a more careful 
analysis of the kind of process you suggested shows that if 2 x is the 
unc^ainty in the position of the electron, and A p the uncertainty in 
its momentum, then the product Ax d p is of the order of h, where h 
is Pluck’s Constant. For particles of the order i gramme, the value 
of /i is relatively so small that the effect is negligible, and that was 
why the Uncertainty Principle was not discovered in the development 
of classical mechanics where the objects dealt with were enormously 
heather than an electron. But for an electron, the Principle is of 
supreme importance. 
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OM: I understand the general idea, but you have not explained 
exactly what you mean by the term “ uncertainty ” for which you 
used the symbols Ax, A p, etc. 

YS This is a rather difficult point and perhaps the most satisfactory 
thing is to say that by the uncertainty in position we mean the length 
outside which the probability of finding the electron becomes negligible. 
That is to say, we know the electron is in a certain region although we 
cannot say e^ctly where it is. We can say there is a certain proba- 
bility of finding it at one place and another probability of finHing it 
at a second place, and so on. These probabilities become smallpr and 
smaller as we move away from the region of greatest probability until 
they become vanishingly small. This, of course, means that the 
“ uncertainty ” is not really exactly defined, and it is for this reason 
that we have expressed Heisenberg’s Principle by saying that AxAp 
is of the order h, which may be written AxApf^h. 

Some authors use the term “.effective uncertainty ” to describe 
uncertainty in this sense. The point is rather important, because when 
we get farther into the theory we find that it is possible to define the 
quantity Ax in other ways, in which case Heisenberg’s Principle as- 
sumes a slightly different form, although the general idea is unaltered. 
You will in some books find the principle expressed in the form AxAp 

— and these differences simply depend on the exact way in which 

the uncertainties are defined. For our purpose it is sufficient to say 
that AxAp IS of the order A, where by the terms Ax and dp we mean 
the ranges of distance and momentum outside which the probability 
of finding the electron is negligible. 

OM : Does this sort of difficulty refer only to the simultaneous posi- 
tion and momentum? 

YS : No. There are other cases, too. For example, if you try to 
measure the energy of an electron at an exact instant of time, you find 
that the conditions necessary to measure the exact instant of time most 
accurately produce the greatest uncertainty in the measurement of tlie 
energy, and vice versa. In this case, if At is the uncertainty in the 
time, and AE the uncertainty in the energy, the Heisenberg Principle 
states that 

A t X AEr^h. 

OM: Does that ever affect anything? 

YS: Oh, certainly it does! If, for example, an electron is in a 
stationary state in an atom, then its energy can be specified exactly 
only if the time is left completely indeterminate. If the electron exists 
in ffie state only for a certain time t, then there will be a correspond- 
ingly uncertainty in its energy. 

OM: But surely that is nonsense? If the energy were uncertain you 
wouldn’t get sharp spectral lines when the electrons changed from one 
stationary state to another. 
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YS; You are forgetting the magnitude of Planck’s Constant, h. 
If an atom remains in a stationary state for, say, i second, this period 
is so enormous compared with h tlrat the uncertainty in the energy is 
negligible. Sometimes, however, an atom goes through a series of 
changes in which an electron passes through a series of stationary 
states . . . and then if one of the states has an exceed- 

ingly short life its energy is correspondingly uncertain, and the resulting 
spectral line is diffuse. It is only right to say that many other factors 
can also produce a broadening of spectral lines, but what we may call 
Heisenberg broadening is sometimes found. Incidentally, you may 
get the same effect with electrons in metals. Here some of the electrons 
are moving about rapidly between the atoms, and when the thermal 
vibrations disturb the perfect periodicity of the lattice, electrons begin 
to collide with the atoms^ and this is what creates an electrical resis- 
tance. In this case, if the time between two collisions is very short, 
Heisenberg’s Principle indicates that there is a corresponding uncer- 
tainty in the energy of the electron between the two collisions. 

OM: This is all very mysterious. 

YS ; It is aU very fundamental, because it is getting you to think 
whether expressions such as “ the exact position and momentum of an 
electron at a given instant ” have any real meaning. 


1 The Young Scientist should really have spoken of an interaction between the 
electron and the thermal vibrations of the lattice, but for a simpliiied diacription 
it is common to call this a collision with an atom, although the exprc.s.siun is rather 
misleading because the process must be thought of, not as a collision between two 
solid particles, but as the interaction between the wave .system of tlic electron and the 
vibrations of the lattice. 
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O LDER Metallurgist: I’ve been thinking over what you said very 
carefully, and it seems to me that this sort of thing is all getting 
so mysterious that a totally different line of approach is As 

far as I can see, the only way is to take back my statement (page 44) 
about a quantity having to be justified by some sort of an experim^. 
It’s this continual reference to experiment which seems to cause all the 
trouble. I think now that I was really right in saying that quantities 
like momentum, position, kinetic energy, etc., are self-evident, and we 
ought to go back to that point of view. 

Young Scientist : Well, to be honest, I think you are fundamentally 
wrong, and as you claim to be a practical man, I’m astonished that you 
will not listen to experimental evidence. 

OM: It’s not a question of experimental evidence. I’ll gladly listen 
to any experimental evidence you have to offer, but what is worrying 
us is the question of how we are to think of quantities like momentum, 
position, kinetic energy, etc. 

YS; But surely the expression “ quantity ” means somei-hin g which 
we can measure? What I’ve been trying to show you is that when we 
consider an electron there is no way by which we can measure all these 
quantities accurately at a given instant. There are mutual uncertain- 
ties which are expressed by the Heisenberg relations, 

OM: But that’s only because our methods of measurement are 
imperfect. I can see no reason why I should not assume more perfect 
methods of measurement which do enable us to know the exact position 
and momentum, etc., at a given instant. 

YS: Well, if you do assume that, how is one to imagine the electron 
to behave in your hypothetical world where position and TnnTnpntnm 
can be known accurately at the same instant? We have already seen 
that classical mechanics is unable to account for events on the atomic 
scale, and you yourself pointed out the arbitrary nature of the postu- 
lates of the Bohr theory. 

OM: Oh, I can quite see that it isn’t going to be easy! But surely 
we shall only make it more difficult if we go introducing all these 
mysterious Heisenberg relations? If you will do as I suggest, we shall 
at least keep our picture of* the electron as something concrete and 
simple, whereas if once you add all this curious indeterminancy business, 
there seems to be no end to the difficulties. 

YS : As a matter of fact that method of approach has been tried, 
but so far it has led to nothing very useful, and you must remember 
that there is no reason why our picture of the electron should be simple. 
The alternative method is to regard the Heisenberg Principle as an 
indication of something really fundamental underlying the ultimate 
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nature of things, and then to try to buUd up a theory in which the 
Uncertainty Relations appear, not as something mysterious and con- 
fusing but as the inevitable result of our theory of the electron. On 
the whole this seems to be the more scientific course to follow— it 
means that we accept the Heisenberg Principle, and follow up the clues 
which it provides. 

OM: Well, if you do adopt that course, do you obtain any useful 
picture, or anything which can be visualised ? 

YS: What you obtain is a new form of mechanics, the so-called 
wave mechanics which has led to a highly successful interpretation of 
atomic and electronic phenomena. Many of the conclusions can only 
be expressed in the form of mathematical equations, l,iut it is the great 
advantage of wave mechanics that it does enable some of the results 
to be visualised, 

OM: What do you mean by wave mechanics? The two words seem 
to me to be quite incompatible — ^waves are waves, whilst mechanics 
refers to the behaviour of particles or bodies. 

YS: Well, if you feel like that perhaps one may ask what you would 
regard as a typical mechanical problem? 

OM: Let us say a problem about the firing of a gun, and the forces 
produced, and the trajectory of the shell. 

YS : The problem of the trajectory of a shell will do excellently for 
our discussion; it is a particular example of the general problem of 
> the motion of a body in a field of force. Let us suppose that we have 
two points A and R, and that you wish to shoot a bullet or a shell from 
AtoB. Then how would you aim your rifle or your gun, and what 
would be the trajectory of die bullet or shell? 

OM: If it were not for the earth’s attracdon I should aim directly 
from A towards B, and the bullet would travel in a straight line. 
Actually, owing to the gravitational field, I should have to aim a little 
above B, and Ae trajectory of the bullet would be a parabola, except 
in so far as complications were introduced owing to the resistance of 
the air. 

YS: That’s right. In the absence of a field of force, the trajectory 
would be a straight line, whilst a uniform field would give rise to a 
parabola. In the same way a variable field of force would give rise 
to a more complicated trajectory. 

OM; I remember working out that kind of problem at school, but 
I’m afraid that I’ve forgotten most of the formulae. 

YS: Did you know that a great deal of that kind of work can be 
put into a sunple generalised form from which you could work out tlie 
formulae yourself? 

OM: No, I didn’t do that kind of work. The formulae were quite 
simple as far as I remember. 

YS: That was because you were dealing with relatively simple 
problems; if you had been dealing with more complicated problems 
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you might have thought differently. Let us go back to the trajectory 
of the bullet, and consider a simpl^ed case in which the total energy 
of the bullet remains constant, so that as it rises or falls in its trajectory 
it may exchange kinetic energy for potential energy or vice versa, 
but no energy is gained from, or lost to external sources. We might 
then imagine a large number of trajectories such as those in Fig. 5- 
If for each of these trajectories we work out the value of the integral 

B 

J sKdt 

A 

where K is the kinetic energy and t is the time, we find that the actual 
trajectory is characterised by a minimum value of this integral.^ In 
other words, if we were to work out the value of the integral for all 
conceivable paths from A to B, we should find that in the absence of a 
field of force the straight line path would give the minimum value of the 
integral, whilst in the case of the gravitational field the minimum value 
of the integral would correspond with the correct parabolic path. In 
this way the equations of motion can be predicted from one general 
principle, which is known as the Principle of Least Action and was first 
discovered by Maupertuis as long ago as the early eighteenth century. 

OM; What do you mean by " action ” ? 

YS: Action is not a quantity which comes into what you may 
call schoolboy dynamics, and I’m afraid it isn’t possible to give any 
very simple visualisation of what it implies. You may note, however, 
that it has the dimensions ML?T~^. Kinetic energy equals and 

ML® 

has dimensions —jig-, so kinetic energy multiplied by time has dimen- 
sions 

OM: If the principle is as old as that, it surely can’t have much 
connection with atomic theory? 

YS: On the contrary, it is one of the more important foundation 
stones of the theory. 

1 Strictly anpaUmn- tlf.reihp thp atntinnarv valiip nf ths integral, but for 

a simplified descifptionf^f valu^,^ , ; 
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OM- How does that come about? 

V? • WeU now let us turn from the mechanical problem to an optical 
problem, and ask ourselves how a ray of light would travel from A to B. 

OM: That’s easy. Light travels in straight lines. 

YS- Oh not necessarily. If, for example, A were in air and B 
in water, the path of the ray of light would be bent or refracted at the 
air/water boundary, 

OM- Tm sorry. I should have said that if the surrounding medium 
had the same refractive index throughout, the ray of light would travel 
from .d to 5 in a straight line. 

YS ■ That’s right— so the trajectory of a ray of light in a uniform 
rescmbles the trajectory of the bullet in the absence of a field 
of force. Now what would happen if the refractive index of the 
medium’ between A and B varied, not discontinuously as in the case of 
an air/water interface, but continuously? 

OM: The light would, I suppose, travel in a curved path. 

YS: That’s more or less right. Did you ever deal with that kind of 
problem? 

OM: No, I don’t think I ever dealt with problems involving a con- 
tinuous variation of refractive index, although I did learn about the 
ordinary processes of reflection and refraction at surfaces. 

YS : It’s really all part of the same problem, and just as the equations 
of motion of a particle can be generalised by the Principle of Least 
Action, so the laws governing the paths of light rays can be expressed 
in a generalised form known as Fermat’s Principle of Least Time, 
You wifi know that the velocity of light in a medium varies inversely 
as the refractive index. If now we consider the problem of the path 
of a ray of light from A to B, Fermat’s Principle states that of all the 
conceivable optical paths from A to B, the actual optical path is 
characterised by a minimum^ value of the integral 



where v is the velocity of light at an element of length ds on the trajec- 
tory. Since ^ = dt, Fermat’s Principle implies that light travels from 

A to B hy the path which takes the least time, and the principle is 
therefore called the Principle of Least Time. If, therefore, we know 
how the refractive index varies in the region between A and B, we can 
eva,luatc the integral for different conceivable paths, and the path 
which gives the minimum value to the integral is the path actually 
followed by the light. This principle enables the laws of reflection and 
refraction to be predicted, and also applies to the more general case of 
a problem in which the refractive index varies continuously. If, for 
example, A and B arc in a uniform medium, the integral has a minimum 

^ Strictly speaking, we should again refer to the stationary value of the integral. 
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value for the straight line path, whilst if the refractive index is variable 
the correct path is predicted. 

OM : Has all this got any advantage over the simple laws of reflec- 
tion and refraction ? 

YS: Well, it is always satisfying to be able to express a number 
of laws or equations as a direct consequence of one general principle. 
But, apart from this, there is clearly a very interesting correspondence 
between the principles governing the trajectory of a bullet in travelling 
from A to and those governing the trajectory or path of a ray of 
light. In each case the actual path followed is characterised by the 
minimum value of a very simple integral, and you will see that in the 
optical problem a variable refractive index has much the ggmp effect 
as that of a field of force in the mechanical problem. 

OM: You mean that a variable refractive index makes the ray of 
light travel in a curve, whilst the field of force makes a bullet travel 
in a curve? 

YS: That’s right. Further, this correspondence between what we 
may call the mechanical problem and the optical problem can be 
expressed in a precise mathematical form so that a problem concerning 
the trajectory of a bullet, or in the more general case the trajectory 
of a particle in a known field of force becomes, as far as the mathe- 
matics is concerned, identical with the problem of the path of a ray 
of light in a medium of varying refractive index. 

OM : You mean that if we had a particular mechanical problem for 
which we know the trajectory in the field of force concerned, we could 
imagine a variation of refractive index in space which would make a 
ray of light travel in the same trajectory? 

YS: That’s right. The problem of the mechanical trajectory can 
be treated so that mathematically it is equivalent to the problem of a 
path of a light ray in a medium of variable refractive index. 

OM: That’s all very ingenious, but it seems to me to be a typical 
example of the way in which the mathematician wastes his time in 
being clever. The mechanical trajectory is a definite problem and, 
although it may be possible to manipulate the mathematical equations 
so that they resemble those of an optical problem, the whole tln'Tig 
seems a useless piece of mathematical juggling. 

YS: On the other hand you were very impressed by the way in 
which the engineers manipulated the equations of their problem of 
torsional stress so that they were analogous to those for the curvature 
of a soap-bubble ! 

OM: Of course I was. That was a case where the manipulation 
enabled them to .solve a problem which was otherwise too difficult. 

YS: Exactly! And, strange to say, this manipulation of the equa- 
tions of a mechanical problem to resemble those of an optical problem 
has led to the solution of a problem which was previously insoluble, 
namely, the Ijehaviour of an electron in the field of an atom. 
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OU- But how can that possibly be? All that you seem to be doing 
is to manipulate your equations of mech^ics so that they resemble 
those of ontics. So surely what was insoluble before the manipulation 
will be inioluble afterwards— you are not producing anything like the 
curvature of a soap bubble which can be measured. 

YS- You are in too much of a hurry. You may remember that I 
asked you how a ray of light would travel in a medium in which the 
refractive index varied continuously, and your reply was that it would 
travel in a curve. My comment (page 5a) was then that you were 
more or less right, and not that your answer was the wliolc truth! 

OM: How was I wrong? 


YS' Your statement was not so much incorrect as incomplete. You 
should have said that the ray of light would travel in a curved path, 
provided that the variation of refractive index was not so extreme 
M to be appreciable over a distance of the_ order one wave length. 
But if the conditions arc such that the refractive index varies markedly 
over a distance of the order of a wave length, then curious new pheno- 
mena such as dispersion are encountered, and these cannot be explained 
in terms of simple paths of rays. 

OM: What has that sort of effect to do with our problem ? 

YS: The answer to that question is that the mathematicians had 
the imagination and the courage to carry the analogy between the 
equations of what we have called the mechanical and the optical 
problems to its logical conclusion. The line of argument might be put 
roughly as follows : 

First — In the optical problem a variable refractive index plays the 
same part as a field of force in the mechanical problem. 

Second — In the optical problem strange effects are produced if the 
refractive index varies appreciably over the small distance of a wave 
length. 

Third — ^Therefore, in the mechanical problem, we may expect 
strange effects if the force changes greatly over very small distances. 

Fourth — ^Therefore let us carry the analogy further. So far we have 
considered large-scale trajectories only, for which the older geometrical 
optics was sufficient. We know, however, that the laws of geometrical 
optics can be expressed in terms of the wave theory of light, and that 
this theory is able to explain small-scale events which lie outside the 
older theory. Therefore, let us retain our analogy between field of 
force and variable refractive index, and re-write our equations for the 
motion of a partidc in a form analogous to those which the wave 
theory of light gives for the path of a ray. This will mean that our 
equations for the motion of a particle will be mathematically similar 
to those of a wave motion, and our equations will contain terms which, 
if we WMe dealing with a wave motion, would be wave lengths, 
frequencies, etc. In this way our equations for the motion of a particle 
will contain tenns which we may speak of as wave lengths, etc., 
although this will be nothing more than a convenient way of visualising 
our equations, and the '* waves ” will have no more physical reality 
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than the soap bubble has reality in the problem of torsional stress 
(page 39)- 

If we adopt this course, we shall expect no new phenomena in cases 
where the field of force varies only slightly over a distance of the order 
of a wave length, but if the field of force varies appreciably over a 
wave length, we may find a host of new effects, just as the wave 
theory predicted new optical effects when distances of the order of a 
wave length were considered. The name “ wave mechanics ” is given 
to this new branch of mathematics in which the older equations of 
mechanics are re-written in a form analogous to the equations of the 
wave-theory of light. 

OM: The mathematicians must have moved quickly if they got 
all this done since the discovery of electron diffraction in igay. 

YS: As a matter of fact, most of the theory was developed before 
there was any experimental evidence for the wave-like properties of 
the electron. 

OM: But why on earth should people have worked out a wave 
theory of mechanics when there was no experimental evidence for the 
wave-like properties of the electron? 

YS; The first steps were taken by Hamilton as long ago as 1824 
to 1835, and at the time this was simply an example of the mathe- 
matical juggling which you so much despise. The later developments 
were due to de Broglie (1925) and Schrodinger (1926), and were the 
result of the most brilliant mathematical imagination. 

OM: Now let us see if I have understood you rightly. You say 
that the mathematicians juggled the equations of mechanics about so 
that the equations for the problem of a particle in a field of force were 
mathematically similar to those of the wave theory of light for the 
path of a beam of light in a medium of varying refractive index. If 
there are to be wave theories mixed up with the motion of particles, 
there must, I suppose, be some relation between the waves and the 
mechanical properties of the particle such as its momentum, kinetic 
energy, etc. Can this be explained simply so that I can grasp it, or 
is it only expressible in complicated mathematical form? 

YS: That can be expressed in quite a simple way. Do you know 
what is meant by the mass energy of a particle? 

OM: That’s got something to do with the Theory of Relativity, 
hasn’t it? 

YS: Yes, that’s right. In the sense of the Theory of Relativity, 
as long as we are dealing with velocities which are small compared 
with that of light, the total energy of a particle is the sum of the 
potential energy JV, the kinetic energy imtfi, and the energy associated 
with the mass of the particle which is me® where c is the velocity of 
light. If we call this total energy jS,,,, we have 

/?,„ — me® -|- -|- JV 

and the first term me® is enormously greater than the others. 
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OM- But surely this sudden change in what you arc calling the 
total energy must affect your previous arguments . 

YS- No As long as we are dealing with problems in which the 
velodties are much smaller than the change from E ly A„, results 
SSin the addition of the constant term mc\ and so it is equivalent 
to Tshk in the zero from which the potential energy is measured. 
?ou must remember that the potential energy has always to be 
rnplsmed relatively to some arbitrary zero, and so the addition of the 
SSrS ^doe. not rffcct tho Pitodolc of U»t Action It i, 
onlv riirht to warn you that some of the books are very confusing 
about the difference between the total energy 
Em = -t- ^ 


and the ordinary total energy 

E = \mu? + W. 

Some books use the same symbol indiscriminalely for E and E„„ 
and much confusion is caused in this way. 

OM: What is the relation between Em and the waves connected 
with the moving particle? 

YS- Historically, it was first shown by dc Broglie that if waves 
were associated with moving particles, then the Theory of Relativity 
necessitated the two relations: 

Energy, E^ ^ Momentum cionstant. 

Frequency, v Wave Number 

This constant was then intuitively identified with Planck’s Constant, 
h, so that we have the two fundamental relations 

Em = tw, and 


rm 

I 


= h. 


1 

The second of these relations was then confirmed experimentally by 
the electron diffraction experiments, which showed that electrons 
behaved as though tliey were associated with a wave length A given by 
the relation 


A 


h 


mu 


People then naturally assumed that the first relation would also be 
satisfied, and so these two relations are the ones for which you asked. 
OM: But they don’t seem to make sense! 

YS: Why not? - 

E 

OM: Well, if the frequency is equal to , and the wave length is 
h 

equal to then the velocity of the waves will equal 


A X v=— X % 
vm h 
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and since 

E,„ = mc^ + + W 

the velocity of the waves will be at least But the Theory of 

Relativity says that nothing can move faster than light, and so u must 
c® 

be less than c, and - must be gi-eater than c. So the velocity of the 

waves is greater than c, which is impossible. 

YS: No! No! You are forgetting that the waves are not material 
waves. They are merely a convenient way of visualising the mathe- 
matical equations. They have no physical existence, and are not 
observable quantities. 

OM: Then what are the observable quantities? 

YS; In the general problem of the motion of an electron in a field 
of force, the observable quantities might be the probability of finding 
the electron in a given element of volume at a given time, or the 
probability of its having a given momentum at a particular place. 
You must rememljer that Pleisenbcrg’s Principle showed how some of 
the mutual uncertainties of these quantities were related, but the 
Uncertainty Principle docs not conflict with the description of events 
in terms of probabilities, and it is these probabilities which are cal- 
culated by means of wave mechanics. As we shall learn later, our 
description of the liehaviour of electrons in atoms is expressed mainly 
in terms of probabilities, and it is by means of wave mechanics that 
these probabilities are calculated. 
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O lder Metallurgist: Let us begin by making sure that I have 
understood you rightly. You say that the object of tln.s new wave 
mechanics is to re-write the equations of mechanics so tliat the problem 
of a particle in a field offeree is matheinalically similar to that of the 
path of a ray of light in a medium of varying refractive index. When 
this is done, you say that a particle of mass m is associated with proba- 
bility waves so that the wave length A is given by the relation 



ina 


where a is the velocity of the partide and the frequency i* is given by 

E,n = hv 

where the total energy £„ is given by 

E„, =»!«* + i nufi -) ■ 1 1 ' 
where JV is the potential energy. 

You then say that we shall have to learn to think in terms of pro- 
babilities, and that the amplitude of the waves at a given place is to 
be a measure of the probability of finding an electron at the place 
concerned. 


Young Scientist: That’s more or less right. 

OM; In that case I suppose there will have to be sonic inathe- 
matical function which expresses the amplitude, and can you explain 
how this is done? ' 


YS: This is the point at which I am afraid you will have to be 
prepared to lose the thread of the argument, and simply to take 
things on trust. It will be easiest if we consider first streams of electrons 
so that a continuous stream of electrons of velocity u i.s analogous to a 

homogeneous beam of light of wave length — . 


In the theory of light it is common to speak of the light waves as 
being waves in the ether although, as I have explained, the ether has no 
physical existmee, but is merely a convenient mental image by means 
of which we visualise our mathematical equations. We therefore speak 
of vibrations in the ether, or of ether vibrations, although no physical 
ether exists. 


In the theory of electrons the corresponding " somcthing-whicli- 
vibrat« ” is cdled IF, and we may speak of IF vibrations, although 
as in the case of the ether, this is merely a convenient way of visualising 
our equations, and IF is not a physical vibrating medium 
In the theoty of light the intensity of the light at a given place, or 
m other words the probability of finding a photon at a given place. 
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is proporlional to the square of the amplitude of the hypothetical ether 
vibrations at the place concerned. 

In the theory of electrons, the amplitude of the vibrations is a 
measure of the probability of finding an electron at the place concerned 
The mathematical form assumed for the W waves is not the same as that 
assumed in the theory of light, and involves the use of complex num- 
bers, that is to say expressions involving the use of which is 

written i. You said at the beginning (page lo) that you did not 
understand this branch < )f mathematics and, except for the one point 
referred to below, 1 think you had better take it on trust that just as 
in the wave theory of light the mathematician obtains an expression 
for the square of the amplitude, and assumes this to be proportional 
to the probability of finding a photon at the place concerned, so in the 
wave theory of electrons an appropriate function can be found which is 
proportional to the probability of finding an electron at the place 
concerned. 

The point you should note is that if we use the symbol y for the 
“ quantity which vibrates,” then from the vei 7 idea of a vibration y 
will involve both space and time. When one is dealing with a stationary 
state, the form of waves used by the mathematicians in wave mechanics 
enables one to write ¥ in the form 

y = (/< 

where the small iji is called the amplitude factor or the space factor and 
involves only the sjDace co-ordmates (.v, y, z). The second term is 
called the time factor. In the general case, the probability of finding 
an electron at the place concerned is given by a mathematical function 
which is written WP*. The probability of finding an electron in an 
element of volume AV in equal to 'PW* A V, which equals 

OM: What is the meaning of die * signs? 

YS; y and W* are what arc called conjugate complexes. That is 
to say if W is equal to {/ -|- ig) then y* is equal to (/ — jg). 

OM: Can one understand what all these symbols mean? 

YS; The general idea Ls that the 'P vibrations arc supposed to 
be the result of two vibratory processes which are one-quarter period 
apart — this is the significance of the term — and which unite to 

give a resultant independent of time, and whose amplitude is a measure 
of the probability of finding an electron at the place concerned. But 
you need not let the mathematical details worry you, and fortunately 
it is possible to put things quite simply for many of the problems 
concerning stationary states of electrons in atoms, molecules, crystals, 
etc. In many of these problems i/; is real, and ^0* is equal to 
In these problems the wave mechanics permits the calculation of a 
quantity ifi which has simply to be squared in order to give the proba- 
bility of finding an electron at the place coiisidercd. 

OM: I’m afraid that T find great difficulty over some of this. I 
can understand the general idea that the amplitude is to be a measure 
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of the probability of finding an electron at the place concerned, and 
I can see how hdpfiil this will be in problems of electron diffraction. 
But I can’t see how it is going to help for ordinary mechanical problems. 

YS : In Ae ordinary mechanical problem, we know the variation 
of the potential in space— in the problem of the hydrogen atom for 

example, the potential energy, fV, is equal to - where r is the dis- 
tance of the electron from the centre of the atom. When the equations 
of dynamics arc transformed into wavc-mcchaniciil form it is found 
that there is a certain differential equation which cxprc.sscs ]P as a 
function of the total energy E of the particle, and the potential energy 
IV. This equation is called the Schrodingcr equation, atul was obtained 
by gwiming that the W vibrations were of a sine form. 

OM: Gan you explain the equation to me? 

YS : I’ll write down the equation later on,^ because you will come 
across it so oflen that you may as well know what it means. For the 
moment there is no need for you to bother about the form of the 
equations, or the way in which they arc handled. The important 
thing is for you to realise that the problem of tlic motion of clectron.s 
in a known field of force is manipulated so that the appropriate 
differential equation is set up, and then if the ccpialion can lie solved 
the electron density (that is the probability of finding an electron in a 
particular clement of volume) is proportional to the value of IF'F* at 
the place concerned. You need not worry yourself about the mathe- 
matics, but you will meet' the symbols so often in books and papers 
that you must know what they mean. 

OM: You said that your remarks would refer first to a stream of 
electrdns. How do you treat a problem where there is only one 
electron? 

YS; In the case of one electron the same general method is used, 
and the solution of the wave equation gives the probabilities of finding 
the one electron at different places. The probability of finding the 
'electron in an element of volume is proportional to the value of W\P* 
at the place concerned. The value of the constant of proportionality 
is obtained by a process known as the normalisation of the wave func- 
tion — if for example we know that the electron is in an enclosure of 
volume F, then the integral JWy'*dV over the volume V must equal i, 
since the probability of finding the electron somewhere in the volume 
V is clearly unity. 

You will see therefore tliat, just as in the diffraction experiment, 
when, we passed one electron through the diffraction apparatus, the 
relative probabilities of finding it moving in different directions were 
c^culated by the same wave equation which we used for a beam of 
electrons, so in the general mechanical problem of one electron the 
solution of the Schrddinger equation gives the probability of finding 
the one electron in different regions. 

' See Appendix, page 66. 
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OM: It seems to me that this continual calculation of probabilities 
leads to great difficulty. If we can only think in terms of probabilities, 
it seems that we can never really localise the electron. But in actual 
experiments the electron seems to be very definitely localised. 

YS: In terms of probabilities tliat simply means that the value of 
W* is appreciable only over a small region of space, and is vanish- 
ingly small elsewhere. 

OM; How is one to express that in terms of V waves, if the waves 
travel faster than light, while the electron travels relatively slowly? 

YS: Well, suppose you ask yourself how you would cut out or 
isolate one electron from a beam. 

OM: That’s hardly rny kind of work, but I suppose you could fit 
up some kind of shutter device so that if you opened it for a very 
short time only one electron pas,sed through. 

YS: In principle that is quite a suitable method. Do you know 
what happens when one uses a device of that kind to cut out a small 
group of waves from a regular stream of homogeneous material waves, 
that is a stream of waves of uniform frequency ? 

OM: No, I’m afraid that wasn’t included in my training as a metal- 
lurgist. 

YS; If one makes an experiment of that kind, one finds that the 
action of the shutter slightly disturbs the head and the tail of the little 
group of waves which is cut out of the beam, with the result that the 
small wave group is no longer completely homogeneous but consists 
of slightly different frequencies, and this produces very interesting 
effects. The slight difference in frequency means that the waves 
interfere with one another except over a small region where they 
reinforce one another. This results in the formation of a wave group 
or wave-packet such as I have drawn in Fig. 6, and this group moves 
with a group velocity given by the equation 

(h 
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where u is very much smaller than tlie phase velocity, which for 
electrons equals vA ~ The shape of the wave-packet may be very 

different from that of Fig. 6, but tlie packet as a whole always moves 
with group velocity. 

OM: But if a is smaller than the velocity of the waves, it would 
seem tliat.the waves are, so to speak, continually overtaking the wave- 
packet. 

YS: That’s right. You may regard the waves as streaming on 
through the wave-packet, but as interfering with one another so that 
their resultant amplitude is negligibly small except in the region of 
the wave-packet itself. This small regioji moves with the velocity « 

given by — 7^ and this relation is a very fundamental one which you 

^(j) 

will need to remember on many occasions. 

OM : Then does the wave-packet move on so that its .shape remains 
unchanged ? 

YS; No. In the case of material waves, it is found that as the 
wave-packet travels along it gradually spreads out, so that a packet 
which starts with the shape shown in Fig. 6 spreads out mto a packet 
extending over a larger region, but with a smaller amplitude. TJtis 
spreading out of the wave-packet is more rapid the shorter the wave- 
packet is at the beginning, so that if you cut out a very small group 
of waves, the resulting wave-packet spreads out mucli more rapidly 
than if you cut out a larger group. This is another point which you 
will continually need to remember. 

OM; But what has all this got to do with electrons and metails? 

YS: Well, we have seen how we are to re-write the laws of mechanics 
in the form of a wave-theory, and we have used the symbol V to denote 
the hypothetical quantity which vibrates. If, therefore, we take a 
stream of electrons of uniform velocity, and use some kind of a shutter 
device to cut out one electron, we may regard the process as equivalent 
to the cutting out of a small group of W waves. The group of waves 
will not be the electron, but be the region of space in which there 
is an appreciable chance of finding the electron. You must remember 
that the amplitude of the W waves is a measure of the probability of 
finding the dectron at the place concerned. Consequently if the waves 
interfere with one another except over the region of the wave packet, 
then the probability of finding the electron is negligible except in the 
region of the wave-packet, 

OM: That would mean that the velocity of the electron was the 
same as the velocity of the wave-packet, and how much is this ? 

YS; You can work it out for yourself from the above equation, 
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OM : Let me see, 



For electron waves of free electrons 

I mu 

\~T 

whilst-. = ^ = rr^+l mu^+W 
n n 

So that if W is constant as for free electrons, then omitting tlie 
constant terms. 



so the group velocity of the waves is the same as the velocity of the 
electron. 

YS; That’s right, and so now you have found the function of the 
W waves which gives the velocity of the electron. The velocity of the 
electron is always the group velocity of the waves, and is always given 
by 


dv 



OM; Now! Now! You are not being honest! 

YS; Why not? 

OM; You said that the wave-packet spread out as it went along. 
If the region of the wave-packet is the region in space where there is 
an appreciable probability of finding the electron, then the spreading 
out of the wave-packet means that the velocity is uncertain. 

YS; Exactly! Further, this uncertainty is greater the smaller the 
wave-packet is at the beginning, and this is exactly what is required by 
Heisenberg’s Principle. The smellier the group of waves cut out, the 
more we are localising the position of the electron, and hence the 
greater the uncertainty in its velocity. 

OM: Then do you mean that this wave mechanics stuff is mixed up 
with the Heisenberg Principle? 

YS : Yes. The concept of Probability Wave-Packets expresses the 
exact characteristics of the Heisenberg Principle. The wave-packet 
as a whole moves with the group velocity u, and there is always a 
greater probability of finding the electron in the region where the 
amplitude of the wave-packet is a maximum than of finding it else- 
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where i But the wave-packet extends over several wave lengths, and 
spreai out as it goes along, and so there is an uncertainty in the 
velocity because there is always a probability ot finding the electron 
a small distance on either side of the maximum of the wave-packet. 

OM; But what does this all mean? Why does it go like this? 

YS: It is not the province of Science to answer the question" Why?” 
if you use the word to imply purpose. But if you ask what happens, the 
answer is that the use of any shutter device to cut out one electron 
would produce fields of force near the electron, and these would dis- 
turb it slightly and so cause a slight uncertainty in its behaviour. The 
whole experiment is in fact but another attempt to measure the simul- 
taneous position and velocity of an electron, and as with the method 
you yourself proposed, the conclusion is that there is an uncertainty, 
and it is easy to show that 

Ap y. J* ~ h. 

You wUl see, therefore, that it is of gi-eat fascination to find that wave 
mechanics, which was developed purely theoretically, leads to the 
concept of a probability wave-group having the exact characteristics 
required by Heisenberg’s Principle, altliough the latter was discovered 
by considering what experiments would be required in order to measure 
the quantities — ^position momentum, energy, etc. In spite of its 
purely theoretical background, wave mechanics is in close touch with 
what is indicated by experiment, 

OM: Then do you mean tliat I have to learn to think of an electron 
as a wave-packet? 

YS: When you try to visualise an electron as it moves about, you 
have to imagine a small region of space in which there is an appreciable 
probability of finding the electron. This region of space behaves like 
a wave-packet of W waves, and moves with the group velocity. So 
long as you are dealing with large-scale events of free electrons this 
doesn’t make much difference compared with the older view of the 
electron as a free particle. It simply means that there is some un- 
certainty and that one cannot give an exact description, because the 
electron may be anywhere within the region occupied by the wave- 
packet. The electron is most likely to be found where the amplitude 
of the wave-packet is greatest, but the electron may be found any- 
where within the length of the wave-packet, the probability falling off 
gradually as the amplitude diminishes. 

On the other hand, when you come to consider events on the scale 
of length of a wave-packet, that is, of a few wave lengths, the probabi- 
lity interpretation means that you can no longer follow the electron in 
its path. 

OM: But why not? 

^°uld be noted that wave-packeta are not always symmetrical in shape, so 
tnat the region of greatest amplitude is not necessarily in the centre of the packet. 
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In this diagram IhJuU line indicates the emielope of a wave-packet at time ti, and the dotted 
line its position a little later at time A. The wave-packet as a whole has moved to the right, 
and at the second instant of time the electron may be found farther to the right timn at the first 
instant of time. The shaded region is common to both positions of the wave-paekel and in Ms 
region we cannot say whether the electron has moved from left to right or from right to left, but 
only that there is a greater probability of its having moved from l^ to right. In this diagram 
the instants of time ti and tg are imagined to be so close together that the spreading out of the 
wave-packet between ti and I, m negligible. 

YS: Because the whole wave-packet refers to one electron only, 
and so we cannot say what happens within the length of the wave 
packet. Suppose, for example, that the full line in Fig. 7 shows the 
wave-packet at time <1, and the dotted line its position slightly later 
at time t^. Then the wave-packet as a whole has moved to the right, 
and at the second instant of time the electron may be found fardier 
to the right than it could be found at the first instant of time. But we 
cannot say what has happened in the region which is shaded. The 
electron may have moved from left to right or from right to left — all 
that we can say is that there is a greater probability of its having 
moved from left to right. 

OM; This is all very curious, and I hope we shan’t have to go into 
all these details in order to understand how electrons behave in atoms 
or metals. 

YS: On the contrary. It’s just what you will have to think about. 
You see, the size of an atom is of the same order as that of a wave- 
packet, and over this small distance we have to give up all attempts 
to follow the electron in its path. This is what I meant when I said 
before that we had to give up the idea of an electron in an orbit. You 
must no longer think of electrons as running round little orbits in 
atoms. This is a false picture and leads to wrong conclusions. You 
must just accept it that when you deal with events on the scale of an 
atom, you can describe the electron only in terms of probabilities, 
and it is these probabilities which are calculated by wave mechanics. 

OM: Then do you mean that when I try to think of an electron 
moving about inside a metal crystal, I must not form any picture at 
all? 

YS: If you try to localise the electron so precisely as to speak of 
its moving round one particular atom, or between two atoms, then 
you are dealing with events on the scale of the wave-packet, and you 
cannot form any precise mechanical picture. But if you are dealing 
with a crystal containing 10*® atoms, you can regard the electron as a 
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probability wave-packet in the crystal, and this will sometimes enable 
you to form a usefiil picture of the motion of the electron in the crystal. 

OM: Why do you say “ sometimes ”? 

YS: I used that expression deliberately, because the behaviour of 
wave-packets in the periodic field of a crystal is often very curious. 
In the example described above (Fig. 6), we have seen how the velocity 
of the wave-packet is very much less than that of the waves, but in 
this particular case tlie direction of motion is the same for the waves 
and the wave-packet. On the other hand, when we deal with electrons 
in crystals we sometimes find that the waves move in one direction 
but that they reinforce one another to build up a wave-packet which 
moves in another direction. In this case, the motion of the wave- 
packet gives the average or resultant inotion of the electron, but we 
cannot say what happens within the length of the wave-packet. You 
will find that in the theory of electrons there is always a temptation 
to identify the waves with tlie electron, and to think that the electron 
moves in the direction of the waves. But this is often unjustified, and 
it may be quite possible to have the waves moving in one direction, 
and building up a wave-packet moving in another direction, and in 
such cases it is always the wave-packet which coiTesponds with the 
observable behaviouf of the electron. 


APPENDIX 

The wave-equation expressing the magnitude of IP first proposed by Schrodinger is 
of the fonn : ® 


v»y-|- ^‘(E- W)V=o 


(0 


Here Wia the potential energy and E the total energy, whilst the symbol v*!P stands 
Asy jsy/ jsy, 

S? J ™ “ sometimes written JIP by Continental writers. This 

elation is known as the first Schrodinger equation, or the time-free equation for 
ordmary fnon-relattvity) mechanics, and it represents a family of surfaces, each 
correspondmgtoonevalueofE. Ify is of the form 

y= (a) 

the time factor may be cancelled out, and the amplitude equation 


W+ W0^=o 


( 3 ) 


is obtrined, so that S' and obey the same differential equation. If the time factor 

„ . . A’ ^ A ()( “■ 

Sidtfi^rfon^rf and can be used for problems where Wia an 

Kad^vrifiTmL^fh^r These equations are reproduced here merely because 

Elmintaiy Quantum Mechama. R. W. Gurney. 
rnmmts tjf Qiiantum Mechanics. S. Dusliman, 
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Outline of Wave Mechanics. N. F. Mott. The dementary reader is advised to buy 
the first edition of thu book, which is written at an dementary level and is most 
helpful. It has been replaced by N. F. Mott’s Ekments (f Wave Mechanics which, 
although elementary, is much more mathematical in form and is intended for honours 
students in experimental physics. 

Useful information will also be found in: 

The Mathematics of Physics and Chmistty. H. Margenau and G. M. Murphy. 

For more advanced reading reference may be made to : 

Introduction to Quantum Mechanics. L. Pauline and £. B. Wilson. 

Wave Mechanics; Elementaiy Theory. J. Frenkel. 

For a general account (non-mathematical) on a slightly more advanced level than 
the present book, reference may be made to: 

Atomic Theory for Students of Metallurgy, W. Hume-Rothery (Institute of Metals 
Monograph Series). 

The following two boofa are of great inters! as showing how the experimental evidence 
for the wave-like properties of dectrons was accumulated: 

The Wave Medumics of Free Electrons, G. F. Thomson. McGraw-Hill Book Co., 
Inc. 

Theory and Practice qf Electron Diffraction, G. P. Thomson and W. Cochrane. Mac- 
millan & Co. Ltd. 
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After all this discussion about WW* can we 

— .he Cecnon h ^ 

„S*eSrta » « °”T 

_ ^ and hu. vartotta of potential energy hni to be sub- 

would be a ray of the path of the ray was continually bent 

to lS« n=ver eiped front the bowl, 
round, with analoev will help, because there seem to 

OM: I don t juig nfths for the rays, and so an infinite 

be an infinite be possible, and we shall be back again 

r ~ befok or does the Schrfidmger 

'^Y^°ThntwIrTth!rq^^^^^ is that the 

differential equation such as 


<iy _ 


Thi. h» not got one nngle .olutiw but an infinite number of wlutta 
of the general type 

y ^ ox -T 

where C i. an adaitmy eooatant. The .ingle dilTerential equafion 

^ _ n thui corteaponda to an infinite number of parallel atraight 

£- of .lone a. In the ttame way, a differenfinl equation nt te 
Sod^ type ia n very general kind of eqnatton and eontnina m- 

numerable solutions. ..... „ i 

OM: What is the good of the equation then, if it is all as general 

as that? • , , .,1 .u 

YS; That is quite a fair question, and the answer is that the “^tbe- 
matician writes down the equation for his particular problem, and then 
if he is able to obtain solutions of many types, he inspects these an 
rejects those whose interpretations would not correspond to something 
SSXV-ible. fa thin way he »deeB from the mnnmemble 
solutions those which may be called acceptable. 

OM: I am afraid I find that is difficult to follow. Can you give 
me a simple example? 


= a. 
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YS : If we are dealing with a single electron, the interpretation has 
always to be that ^P'P* A V gives the probability of finding the electron 
in the particular element of volume AV. It is found that some of the 
mathematical transformations can be carried out only if IF is con- 
tinuous, and so the mathematician rejects solutions which would give 
a discontinuous value of W. In the same way by examining the 
equation more critically the mathematician is able to show that only 
certain solutions can be regarded as physically acceptable. 

OM: Then have these acceptable solutions any special characteris- 
tics? 

YS: Yes. The interesting thing is that when one is dealing with 
problems of stationary states of electrons in atoms, molecules, crystals, 
etc., the acceptable solutions always involve the introduction of whole 
numbers. This means that the energies of the electron in the stationary 
states described by the different acceptable solutions, are related by 
functions involving whole numbers, and these whole numbers are 
naturally regarded as analogous to the quantum numbers which the 
older Bohr theory postulated as arbitrary assumptions. It is very 
necessary for you to understand this point clearly. In the older theory, 
as you yourself pointed out (page 34), the quantum numbers ap- 
peared as arbitrary assumptions which were made in order to obtain 
an agreement with empirically known facts. In wave mechanics 
whole numbers appear because it is only by their introduction that 
solutions to the equations can be found, which are physically possible. 

OM: This seems very curious, because one would imagine that 
equations of a wave-like nature were essentially continuous. Gan 
one obtain any physical analogy showing why whole numbers should 
appear? 

YS: As I have emphasised before, the wave analogy is only a 
convenient way of visualising the equations but, as long as you don’t 
forget this, it is quite justifiable to use simple physical waves to illus- 
trate the point. 

Suppose, for example, you take a piano wire of a definite length, 
and mat you try to set this vibrating so that it sets up a steady vibra- 
tion, that is, a stationary state of vibration. Then I suppose you know 
that it can only vibrate in certain tones and overtones ? 

OM: Yes, that’s right. 

YS; In this case the wave lengths of the different possible steady 
vibrations are related by simple whole numbers. 

In the same way if you had some water in a rectangular bath with 
flexible sides, you might set up vibrations by regular displacement of 
the sides of the bath. The waves would then interfere with one 
another in some places, and reinforce one another in others, but you 
would find that a steady state of vibration would be set up only if 
there were certain whole-number relations between' the wave lengths 
and the length and breadth of the batli. 
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OM: Then do you mean that the wave length of an electron in a 
stationary state has a whole number relation to some dimension of the 
problem? 

YS : Yes, that’s right. In problems of stationary states of electrons 
there is nearly always a simple relation between the wave lengths 
corresponding to the acceptable solutions and some length in the 
problem. If, for example, we consider an electron in a one-dimcn- 
sional box of length L, then the only types of motion which will 
produce stationary states are those for whici the wave length is equal 

to — , where n is a whole number. 
n 


OM: WeU, then, what are the characteristics of the stationary 
states of the hydrogen atom ? ^ 

YS: The lowest energy state of the hydrogen atom can be described 
quite simply. I have explained how in wave mechanics the probability 
of finding an electron at a particular place is proportional to the value 
of at the place concerned. Since space is three-d im ensional, we 
shall m general have to imagine a three-dimensional model, with the 
nucleus at its centre, and then to see how the value of WW* varies in 
*e surrounding space. A large value of implies a high pro- 
babihty of finding the electron at the place concerned. In this way 
we can represent the electron state of the atom by a probability 
pattern, and it is this kind of probability pattern which constitutes 
our picture of the atom. For the lowest state of the hydrogen 
atom, the probability pattern is spherically symmetrical, and so we 
can represent it by a single curve which is shown in Fig. 8 (a) where 
the abscissa: represent the distances from the nucleus, and the ordi- 
nates o ^e proportional to WV* and hence to the probability of finding 
toe electron in an client of volume at the distance concerried. It will 
^,^^®comes vanishingly small beyond about 
aA, and this means lhat there is a negligible chance of finding the 
dcctron at a greater distance from the nucleus. In other words the 

oraer 4^. Within this region the probability of finding the electron 
Af of volume AV increases as the nucleus is approached 

At a distance r from the nucleus, the probability of finding ah dStroh 
in an element of volume AVis proportional to p(r), whefe JfrTfs Se 
ordmate of the cum at the poiht r, and similariyL other 

wemaysaTth^fw^R/ f' “ electron cloud patterns of atoms, and 
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[FVvm *' Abmic Tlmty for SloAtnU ofMtlaUurey " 
{Hunu~Ratiuiy), by courtesy of tbe Institute of Metals 


Fig. 8 — ^Electron distribution carves for the normal state of the hydrogen 

atom 

(a) The cum in this fipere shews the electron density for the normal slate of ike hydrogen atom 
as a Junction if the distance from the nucleus. The curve represents a spherically sjmsnelrical 
electron cloud pattern, the density of which is greatest at die centre, and has almost vanished at a 

distance of sA from the nucleus. 

(b) The curve in this figure shows the U (r) curve for the normal state of the t^tdrogen atom. For 
the dejmtion of the quantity V (r) see page 73. The curve rises to a nuuiimum atr= 0.5393 A, 
and indicates that the electron spends a greater fraction fits time at this distance from the nucleus 

than at any other distance. 


and which has practically faded away at distances greater than sA 
from the nucleus. This concept of electron cloud patterns is exceed- 
ingly useful, and is often the best way of visualising the extra-nuclear 
electrons of an atom. You must not, of course, let this picture lead 
you to imagine that the electron occupies the whole region of the 
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electron cloud pattern at any one instant. The correct interpretation 
is that of the relative probabilities of finding the electron at different 
places round the nucleus. But, as I said before, the electronic motion 
IS so rapid that for many purposes it is quite justifiable to think in 
terms of an electron cloud. Attempts have been made to show this 
photographically by a method in which the intensity of illumination 
is proportional to the probability of finding an electron at the place 
cpnrpmpii. Fig. Q shows the electron cloud of the hydrogen atom 
in its normal state illustrated in this way. The figure is two-dimen- 
sional, and is thus more like a cross-section through the cloud — the 
actual electron cloud is, of course, three-dimensional, and is spherically 
symmetrical. • 

Fig. 8(fl) thus represents the electron cloud pattern of the lowest 
electron state of the hydrogen atom. It corresponds with a quite 
definite energy, which is the energy of the first acceptable solution of 
the S^rodinger equation for the motion of an electron in the field of 

■ ^ 

a point nucleus giving an attraction equal to 

OM: This seems to me very confusing. If the pattern is spherically 
symmetrical, the electron can be found anywhere in the three-dimen- 
sional space immediately surrounding the nucleus. But all our previous 
talk has been about two-dimensional orbital motion. 

YS: That’s quite correct. The new view of the lowest state of the 
hydrogen atom is one of a spherically symmetrical electron cloud, 
and is quite different from the disc or ring type of motion which was 
postulated in the older theories. 

OM: But if the Bohr theory was so utterly wrong, why did it give 
correct results at all? 

YS: The Bohr theory was not really so far out as you might imagine. 
In the above figures IFIF* is proportional to the electron density or to 
the probability of finding an electron in an element of volume. !P!F* 
may thus be expressed in charge per unit volume, and the density of 
the electron cloud can be expressed in the same units. Electron 
density curves of this kind may be called p (r) curves. Now suppose 
we consider a definite distance from the nucleus, say r. Then what 
will be the number of electrons at distances between r and (r -f- dr) 
from the nucleus? 

OM; You mean at a distance r irrespective of direction? 

YS: Yes. 

OM: Well, the points at a distance r from the nucleus lie on a 
sphere of radius r, whose surface is equal to So the volume 

between the spheres of radius r and (r -f- dr) is and if the 

number of electrons per unit volume is p(r), the number of electrons 
in this spherical shell will be ^Trr^p{r)dr. 
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[From ** Atoms Moleeuhs and Qjianla ** (Ruark and 
Urt!y)i by eaurttsy of McGraio Hill Book Company Inc. 

Fig. 9 — ^Photographic representation of the electron cloud pattern 
of the normal state of the hydrogen atom 

In this figure the intensity of illumination is proportional to the value at the point con- 

cerned, and the fyure may be regarded as a pmtograpbk representation of the p (r) curve of 

Fig. 8 (a). 

YS: That’s right. It is customary to define the quantity U{r) so 
that U{r)dr is the number of electrons in a spherical shell of radius r 
and thickness dr. Consequently in atonas with spherically symmetrical 
electron clouds, we have from tlie relation you worked out above 

U{r) = 4^rV(r). 

We may therefore plot U{r) against r, and the U{r) curves show the 
relative probabilities of finding the electron at different distances 
from the nucleus. The C7(r) curve for the lowest state of the hydrogen 
atom is shown in Fig. 8(6), and you will see that this rises to a maxi- 
mum at r = o.sagaA. We may say therefore that there is a greater 
probability of finding the electron at a distance of o.sagaA from the 
nucleus than at any other distance, and this distance o. 52 gaA is the 
radius of the first Bohr orbit: it is this length which is the atomic unit 
of length to which you referred before (page i6). So the Bohr theory 
did express part of the truth, but the true picture is a three-dimen- 
sional electron cloud, and not a two-dimensional orbit. 

OM : If the electron cloud is of the form of Fig. 8, then how does 
'' the electron move away from the inner part near the nucleus, to the 
outer part where it is farther from the nucleus? 

YS: Oh! You've forgotten what I’ve told you. That is the kind 
of question you must not ask. 

OM: But why not? I want to know how the electron moves about 
round the atom. 
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YS : Because the whole scale of the atom is of the order of a wave- 
packet, and you cannot say what happens within the wave-packet. 

OM: That’s not an answer to my question. I want to know how 
the electron moves about, and if the wave-packet model won’t give 
an answer then the model is wrong. 

YS: No! No! The model won’t give an answer because Heisen- 
berg’s Principle prevents it. The model is right! 

OM: What has Heisenberg’s Principle got to do with it? 

YS : I have told you that the diagram of Fig. 8(a) represents the 
lowest state of the hydrogen atom and corresponds with an exact 
value of the energy. Heisenberg’s Principle states that if the energy 
is known exactly the time is completely indeterminate. Your question 
as to how the dectron moves about implies that we can localise the 
electron at two definite instants — ^you can’t speak of or imagine 
motion without imagining two instants of time. 

OM: But what does it all mean? Why is this sort of complication 
always arising? 

YS: The answer to that question is that in any experiment to 
determine how the electron moved about in the stationary state you 
would have to observe the electron twice, and your first observation 
could only be made by disturbing it, and so removing it from the 
stationary state concerned. 

OM: I find it all most irritating. 

YS : You’re quite right. Heisenberg’s Principle is one of the most 
irritating things known because it continually brings us up against the 
fact that so-called “ common sense ” is not enough. In all these 
electron cloud patterns you have to accept the pattern as a whole, 
and to recognise that the pattern itself is as far as we can go in pro- 
viding a model or picture of what the electron does. We cannot 
expect to show how the electron moves within the pattern, because no 
experiment can be devised — even in principle — ^which would not dis- 
turb the electron so fundamentally as to make the experiment valueless 
for the question in hand. There are limits to what we can know, and 
it is by the recognition of these limits that modern theoretical physics 
has made such great advances. You may perhaps like the following 
quotations from the concluding pages of Born’s Atomic Physics: 

. . . Physicists of to-day have learnt that not every question about 
the motion of an electron or a light quantum can be answered, but 
only those questions which are compatible with Heisenberg’s principle 
of uncertainty . . . This is a programme of modesty, but at the same 
nme one of confident hope. For what lies within the limits is knowable; 
It IS the world of experience, wide, rich enough in changing hue.s and 
patterns to allure us to explore it in all directions. What lies beyond, 
Mph metaphysics, we willingly leave to speculative philo- 

'■ Page 371, Atomic Physics. M. Born. (Blackie & Son.) 
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1 1 — The j-States of the Hydrogen Atom 

O LDER Metallurgist: Now that we have got on to the hydrogen 
atom, I should like to know something about its higher energy 
states. Arc the electron cloud patterns of these simply enlargements 
of the patterns for the lowest state? 

Young Scientist: No. It is more complicated than that, Pm afraid. 
The electron cloud patterns of some of the higher electron states are 
not spherically symmetrical, and so we have to devise a method of 
showing how the electron cloud density varies in three dimensions. 
Do you understand the use of spherical polar co-ordinates? 

OM: You mean co-ordinates involving r, 8, and 

YS: That’s right. As you can see from Fig. lo, thd position of the 
point P, which in rectangular co-ordinates is at («, y, si) can be expressed 
in terms of the length OP, which is denoted r, the angle 6 which OP 
makes with the af-axis, and the angle ^ made by the *-axis with the 
projection of OP on the plane. All equations in terms of *, y and a 
can be transformed into equations involving r, 8, and 

OM; But won’t it be more simple to stick to *, y and ar? 
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Fig, 10— To lUustrate spherical polar co-ordinates 

The pesilim of the point P uMch in reetangulor co-ordinales is at (x, n) can be described 
bp the length OP which is denoted r, the angle 9, and m angle 

75 



ELECTRONSj ATOMS, METALS AND ALLOYS 


YS: It is simply a question of mathematical convenience. For 
example, in spherical polar co-ordinates the equation for the surface of 
a sphere with its centre at the origin is simply r = a, where a is the 
radius of the sphere. This is much more simple than the expression 
a® = *2 -f. y -|- which is the corresponding equation in rectangular 
co-ordinates. 


OM: Well, what is the advantage of the polar co-ordinates in the 
problem of the hydrogen atom? 

YS : The advantage is that WP*, which you will remember is pro- 
portional to the electron cloud density at the place concerned, can 
be written as the product of three functions, the first depending only 
on the distance r from the nucleus, and the second depending only on 
6, and the third depending only on (j>. This means that we can write 
WW* = R{r) R*{r) X 9 {8) e*{6) x ^*(^) 
or more shortly 

= R X e X ^ 

where the three terms each involve only one of the three co-ordinates 
r, fl, or (j), respectively. 

This means that the electron cloud density in the space surrounding 
the nucleus can be written as the product of three factors, the first 
involving only the distance from the nucleus, the second involving 
only the angle 6, and the third only the angle If the electron cloud 
is spherically symmetrical, then the 0 and 0 factors are constants, and 
the electi-on cloud density can be expressed by a single curve analogous 
to that of Fig. 8(12). 

OM: But what has all this got to do with quantum numbers? I 
did understand that the Bohr theory of the hydrogen atom wasn’t 
Mactly correct, but I thought that quantum numbers were still used 
in order to describe the states of electrons in atoms. 


YS : We have already seen how in problems of stationary states 
whole numbers have to be introduced in order to obtain acceptable 
solutions of the wave equations. In the problem of the hydrogen atom 
we have seen how the total electron density can be written as the 
jwoduct of the three factors U, 0 , and tP given above. It is then found 
that the function for <5 will yield acceptable solutions only if a whole 
number is introduced. This whole number may be equal to o, ^ ij 
± a, etc. This means that so far as the dependence of the electron 
density on the angle ^ is concerned we have to introduce one whole 
number, and we may call this whole number m,. 

It is then found that for each value of mi, in the 0 function, the 0 
tunction wiU yield acceptable solutions only if a second whole number 
IS introduced, which may be called 1. This second whole number is 
always positive and must not be numerically less than ?«/. In this 
way the dependence of PW on ^ and 8 involves the introduction of 
two whole numbers m; and 1. 

It IS then found that for each combination of m, and 1, the R function 
will yield acceptable solutions only if a third whole number n is intro- 
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duced, which must not be less than 1 . In this way, by writing the 
wave equation in spherical polar co-ordinates, acceptable solutions for 
the problem of the hydrogen atom can be obtained only by the intro- 
duction of three whole numbers. Each combination of these whole 
numbers corresponds to a definite electron state, and these three 
whole numbers n, I, and tnt constitute the three main quantum numbers 
of the electron in the hydrogen atom. One can, for example, have an 
electron in a state characterised by 

« = 3, Z = I, m; = o 


or by 


n = 2 , 1 = 0, m/ = 0 


and so on. Each of these states will have a definite energy, and a 
definite electron cloud pattern. It is in this way that wave mechanics 
introduces quantum numbers into the problem of the hydrogen atom, 
and they appear not as arbitrary assumptions, but as the inevitable 
conditions which must be satisfied if the equations are to yield accept- 
able solutions. 


OM: Then have these numbers n, Z, m-i any connection with the 
quantum numbers of the Bohr theory? 

YS: The quantum number n is numerically equal to the n of the 
Bohr theory, and it is again a measure of the total energy of the 
electron in the state concerned. The larger the value of n, the greater 
is the energy, and in the hydrogen atom the total energy is propor- 
tional to — ^ . With infinitely large n, the total energy is zero, and 

this corresponds with an electron at an infinite distance from the 
nucleus. 

OM; From what you said before, it would seem that the smallest 
possible value of n is i, so is the lowest electron state of the hydrogen 
atora,~that is, the state illustrated in Fig. g, characterised by n = i, 
I = o, and mi = o? 

YS: Yes, that’s right. 

OM: Is there no way by which one can avoid the very cumbersome 
method of description? 

YS: Yes. It is customary to denote the electron states for which 
Z = o, 1, 2, 3 

by the small letters 

s,P,d,f 

whilst the value of n is indicated by a figure which is placed before the 
small letter. The symbol 3d, for example, stands for the electron state 
for which a = 3, and Z = a, whilst 31 stands for the electron state for 
which » = 3 and Z = o, The lowest electron state of the hydrogen 
atom is thus (if). 

OM: Then has the quantum number I any relation to the quantum 
number of the Bohr theory? 
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YS: The quantum number I is numerically equal to (A — i) of the 
Bohr theory. 

OM: Then has I any relation to the angular momentum? 

YS: Yes. The quantum number 1 is a measure of the angular 
momentum of the electron in the state concerned, and this angular 
momentum is of magnitude 

Avnrnr 

The postulate of the Bohr theory was that the angular momentum was 
kk 

equal to — , so that Bohr’s guess was not exactly right. 
ett 

OM: This is very puzzling because if the j-states are those for 
which 1=0, their angular momentum will be zero and this will mean 
a stationary electron, but surely the electron cannot be standing still? 

YS: This is one of the cases where you just cannot visualise what 
is happening in terms of orbits. In the >states the electron is not at 
rest, but its motion is as likely to be in one direction as another and 
does not give rise to an angular momentum. 

OM: But has angular momentum any meaning if we are not to 
visualise the motion, and are not to think of orbits? 

YS : Yes. We find that when a hydrogen atom undergoes a process 
such as a collision with another atom, it behaves as though the electron 
were associated with an angular momentum given by the above 
expression. 

This angular momentum is often called the orbital angular momen- 
tum of the electron, because it corresponds with the angular momen- 
tum of the orbital motion in the older theories. On the whole it is 
rather an unfortunate expression because we inust no longer think of 
the electron as being a little particle running round an orbit. 

OM: If we are not to think of orbits, are there any characteristics 
of the s, p, d,f states which can be thought of or visualised? 

YS : The j-states are relatively simple, and their first characteristic 
is that their electron clouds are spherically symmetrical. This means 
that the 6 functions and the ^ ftmetions (page 76) are constants, 
and so the electron cloud density depends only on the R function, and 
can be represented by a single curve showing how varies with the 
distance from the nucleus. 

OM: Then are the curves of higher r-states simply enlargements of 
the curves for the {is) state which you have shown in Fig. 8a? 

YS: Oh, no. The electron cloud patterns of the j-states are such 
that they posses («— i) spherical nodes round the centre of the atom, 
where n is the principal quantum number. 

OM: What do you mean by a spherical node? 
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Fig. II — ^The radial function R[r) for the (as) state of the 
hydrogen atom 

YS: A node is a region where the amplitude of a vibration is zero, 
and a spherical node of the W vibrations is thus a region where there 
is a zero probability of finding an electron. You will see that for the 
lowest or (is) state of the electron in the hydrogen atom the above 
principle is olieyed. In the (u) state » = i, and so n — i = o, and 
there are no spherical nodes — ^you will sec by referring to Fig. So that 
the electron cloud density fades away gradually and continuously 
as one proceeds outwards from the centre of the atom. In the (ar) 
state, n — 1=2— 1=1, and there will be one spherical node; 
Fig. 1 1 shows the radial function J 2 (r) for the (2 j) state of the hydrogen 
atom, whilst Fig. 12 shows the corresponding p{r) curve; p(r) is 
proportional to (iZ(r'))®. In this case you will see that on proceeding 
outwards from the centre of the atom the electron cloud density first 
diminishes rapidly until it is zero at the distance r = a, and then rises 
to a maximum, adler which it fades away gradually. The j-states are 
spherically symmetrical, and so the curve of Fig. 12 implies that the 
electron doud of the (2j) state is a diffuse ball inside which there is a 
spherical shell where the electron cloud density is zero. There is thus 
one spherical node, since for the (2 j) state « = 2 and (n — i) = i. 

The electron cloud density of the (2 j) state may be represented 
photographically by the same kind of photograph (Fig. 14(0)) which we 
used for the (is) state, and Fig. 14(6) shows Ae pattern for the (as) state. 
This, again, is of course really a two-dimensional cross-section through 
the dectron cloud, and the real cloud is three-dimensional. The dark 
cirde which you see in the photograph is the spherical node referred 
to above. When you compare Fig. 14(A) with Fig. 14(a) you wiU see that 
the electron cloud pattern for the (2s) state of the hydrogen atom is 
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larger than that for the (u) state, just as the a-quantum orbit of the 
older theory was larger than the i -quantum orbit. So the older theory 
did express part of the truth. 

OM: But haven’t you made some mistake there? The photograph 
ofFig. I4(J) must surely be that of the electron cloud of a helium atom 
not of a hydrogen atom. ’ 

YS. What makes you think that? 

OM: Surely the bright patch ofFig. i4(i) must refer to one electron, 
and the lighter surrounding ring to a second electron — this means 
two electrons, and, therefore, helium and not hydrogen. 

YS: No. The whole electron cloud ofFig. 14(6) and the whole curve 
ofFig. I a refer to the probability of finding the one single electron of 
the hydrogen atom at different places. The whole probability pattern 
refers to the one electron only. 

OM: That seems to me to be quite impossible. If there is a spherical 
node at the point a, then there is a probability of finding the electron 
inside the sphere of radius a, and a probability of finding it outside the 
sphere of radius a. But if the sphere of radius a is a node, and you 
say there is a zero probability of finding tlie electron at a distance a 
from the riucleus, then the electron can never travel from the inside 
to the outside of the atom or vice versa. I really believe I have causht 
you out this time! ® 


YS : No. I’m afraid that all you have done is to forget Heisenbere’s 
Prinaple once again. ® 

OMi How can Heisenberg’s Principle affect us here? 

YS: You see, if you talk of the electron travelling about inside the 
atom, you are implying that you can observe the electron within the 
s^e electron state at ^0 instants of time, and this means that the 

indeterminate— it is the same point we 
electron cloud pattern of a stationary 

pletely mdeterminate. However uTitating you find it, vou must 
h cloud probability patterns hive to be 

Ind^o?mu7SLfl^ to visualise, 

^ I the electron moves about wi thin the electron 

cloud. I know Aat you find this kind of difficulty very annoyhiy bm 
U is ]ust one of the cases in which the behaviour of the electroinfar an 
atom cannot be described in terms of so-called " common sense.” 

*^^^t die whole probability patterns of Figs 12 
occupies a larger region of space than that for the ful state ifthe 
and f4(i)i iiu^be ;ery dim “ dlumination of Figs. I4(u) 
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Fig. la— The p(r) curve for the (as) state of the hydrogen atom 


This nprestnts a sphtricdly chudqfmgativt ilictHdty wUh a Meal node at 

"i j 7 ^ tompased with Fig. 8 it will be seen that the electron 

ema eg the (gs) state stretches out farther from the nucleus than that of the (i.r) state. The 
whoU am in Ftg. la refers to one electron only, and die vertical scale of the figure has been 
magnified greatly compared with that if Pig. 8. 
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YS- Oh, yes. That’s perfectly true. The vertical scale of Fig. is 
has been minified enormously compared with that of Fig. 8 (a), whilst 
the intensity of illumination of Fig. 14(6) has been made fifty times as 
great as that of Fig. 14(a). The region of space in which there is an 
appreciable probability of finding the electron is greater for the (ss) 
than for the (u) state but, since there is only one electron, the average 
probability must of course be less. We may say that the electron cloud 
■ of the (aj) state extends over a larger region, but is more diffuse than 
that of die (ij) state. The electron cloud of the (3j) state contains 
3 _ I = 3 spherical nodes, and is shown photographically in Fig. 14(c). 
The intensity of illumination has been multiplied by 500, as compared 
with Fig- 14(a), whilst the scale is ten times smaller. You will see, 
therefore, that the electron cloud of the (3j) state is very rnuch larger 
and more diffuse. 

OM: In the Bohr theory, the a-quantum circular orbit lay outside 
the I -quantum orbit. These new electron cloud diagrams show that 
the electron in the (as) state can still be found inside the region occupied 
by the cloud of the (is) state. But can we say that the electron in the 
(sj) state spends more of its time farther from the nucleus than when 
it is in the (u) state? 

YS: Yes. That can still be said. The above p (r) curves give the 
electron density or the probability of finding the electron in unit 
volume. If you want to see the probability of finding the electron at 
a given distance from the nucleus irrespective of direction, you require 
the U (r) curves to which we referred before (page 73). Fig. 13 shows 
the U (r) curve for the (ar) state, and if you compare this with the 
U (r) curve for the (is) state (Fig. 8 b), you will see that the electron in 
the (ar) state does spend most of its rime farther away from the nucleus 
than when in the (is) state. 

OM: It seems to me that the U(r) curve is very misleading if it is 
taken as a picture of the atom. The p(r) curve shows that the electron 
cloud density is greatest near the centre of the atom, whilst the U(r) 
curve goes to zero at the centre of the atom, and has its greatest value 
relatively far out. 

YS: That’s perfectly correct. You must remember that U{r) is 
defined so that U(r)dr is the number of electrons in a spherical shell of 
radius r and thickness dr, and that in a spherically symmetrical 
electron cloud U{r) = ^■nr^.p(r) (see page 73). It is the multiplication 
by the term 497?® which accounts for the difference between the two 
curves. It is a very common mistake to imagine that the U{r) curve 
gives a picture of me atom, but this is quite wrong. In so far as the 
expression “ picture of the atom ” means the electron cloud density, 
it is always the p (r) curve which has to be considered. In the (ar) 
state the electron does spend more of its time at a distance 8.5^ from 
the nucleus than at a distance of 0.5^, but the surface of a .sphere of 
radius s.^A is so much greater than one of radius 0.5/I that the electron 
*1 density per unit volume is greater at 0.5^!. 
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Fig, 14 (a, b, c) — ^The electron 
cloud patterns of the hydrogen 
atom (is), (as) and (3s) states 
respectively 


In each case the whole fattem represenb one electron, and the intensities qf illumimilm of (4) 
and («)_ have been multiplied by 50 and 500 respectively compared with (a) w order to make rn 
out^ rings visille. The scales of (i) rm [c) are respectivAy 5 and 10 wnes smaller dianthat 
of (a) . Increasing value qf the princ^al quantum number means, therefore, that the electron cloud 
is spread over a larger region, and becomes more diffuse. Fig. 14 (i) is a photographic represen- 
tation of die pip) curve shown in Pig. la. 

OM: Thea does the same geaeral principle apply to the higHer 
s-states? 

YS: In the (3s), (4J) . . . states the electron cloud stretches farther 
and farther from the nucleus, and as it refers to one electron it becomes 
more and more diffuse. There are {n — i) spherical nodes, and witli 
increasing n the electron spends most of its time at an increasing 
distance from the nucleus, although — ^for the reasons we have already 
discussed — the electron cloud density p(r) is always fcreatest near to 
the nucleus. 
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O LDER Metallurgist: Before you describe the p- and rf-electron 
states of the hydrogen atom, I should like to know something 
about the quantum number mi. In the r-states I = o, and so mt 
can only be equal to zero, but in the p- and d-states m/ can have 
different values, and I should like to know what this means. 

Young Scxentist: In order to appreciate the meaning of mj we have 
to consider what is meant by the shape and the orientation of an atom. 
I have already explained how from the modern viewpoint it is meaning- 
less to speak of quantities unless we can decide how they arc measured. 
From this point of view, " the shape of a perfectly free atom ” is a 
me a nin gless expression, because we can only measure “ shape ” 
rehtive to some axes of reference. The policy adopted usually is to 
define the »-axis, as the direction of a very weak magnetic field. In 
this way the ar-axis and hence the «y plane are defined. A second 
very weak field may then be used to define the direction of the x-axk. 
When a physicist speaks of the shape of a “ free atom,” he really 
means an atom defined by very we^ fields. 

Now we have already seen that the quantum number I is a measure 
of the orbital angular momentum which is of magnitude 

If we define the x-axis by means of a very weak magnetic field, 
then the component of the angular momentum along the sr-axis is 
equal to 



and this is the significance of m;. If jn/ = o, the component of the 
angular momentum along the af-axis is zero, whilst if m/ = i the com- 
ponent along the a:-axis is and so on. 

Stt 

OM; L seem to remember seeing m; referred to as the magnetic 
quantum number. Has it any relation to magnetic properties? 

YS : Yes. The angular momentum 
is associated with a magnetic moment of magnitude 

^ + I) 

where m is the mass of the electron, and c is the velocity of light. 
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sh 

The quantity is called a Bohr Magneton, and is equal to 

0.927 X 10“®® erg gauss-^. If magnetic moments are expressed in 
Bohr Magnetons, th en an ele ctron state is associated with a magnetic 
moment equal to \/^(/ + i), and the component in the direction of 
the applied field is equal to m/. 

The Bohr Magneton is a very fundamental quantity, and we sVintl 
come across it again in connection with the magnetic properties of 
alloys. 

OM: Then have the different values of mj any effect on the shapes 
of the electron cloud patterns of the different electron states ? 

YS : Oh, yes. Very much so. The first thing to remember is that 
increasing values of m/ mean that the electron cloud is more and more 
concentrated in the direction of the xy plane. 

OM : Then do you mean that we now have to deal with atoms whose 
shapes are no longer spherical? 

YS : If by “ shape ” you mean the density distribution of the electron 
cloud, then the answer is “ Yes.” 

OM: But if that is so, we shall have to have a four-dimensional 
model to illustrate the atom. There will be the three dimensions of 
space, and the electron cloud density will require a fourth variable. 

YS: That is quite true, but the difficulty can be got over to some 
extent by means of what are known as polar diagrams. You will 
remember that we saw how, if spherical polar co-ordinates are used, 
the electron cloud density can be written as the product of three factors 
R, 0 , and <P where R depends only on the distance from the nucleus, 
whilst G and 0 depend only on the angles 6 and <f> respectively. This 
means that the electron cloud density can be expressed as the product 
of one term, the radial factor, which depends on the distance from 
the nucleus, and of two other terms which depend only on the direction 
relative to the axes, so that we may write WW* = R{G 0 ) where the 
term in the bracket refers only to the direction, and is the same at 
all distances from the nucleus. It is thus possible to show the value 
of {6 0) by means of a three-dimensional polar model, of such a 
nature that if a line is drawn from the origin in a given direction and 
cuts the surface of the model at a point P, then the length of OP is 
equal to the value of (0 0) for the direction concerned. 

Let us consider, for example, the three-dimensional polar diagram 
of Fig. 15. Suppose we proceed from the origin in the direction of 
the «-axis. The a-axis cuts the surface of the model at P and the length 
OP gives the value of (0 0 ) for the direction of the a-axis, that is the 
direction 6=0. If we proceed in the direction of the straight line OA, 
this cuts the model at Pj, and the length of OPj gives the value of 
{6 0) for this direction. 

You will see, therefore, that for this example (0 0 ) has a maximum 
value along the ar-axis, and is equal to zero for all directions in the xy 
plane. 
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Fig. 15— To illustrate a three-dimensional polar diagram 


OM: Then do you mean that a picture like that of Fig. 15 is the 
picture of an atom? It looks just as hard and concrete as the old 
billiard-ball atom, 

YS: You haven’t understood it fully yet. Fig. 15 shows the way in 
which the electron cloud density varies as far as direelion is concerned, 
that is, it gives the ( 6 0 ) term. But to get the electron cloud density, 
you have to multiply the values of OP, OP^, etc., in Fig. 15 by the 
values of the radial factor R at the different distances. 

OM: Gan one possibly visualise this kind of thing? 

YS: Oh, it’s not so difficult if ypu are prepared to think a little. 
Let us start now by considering the electron doud patterns of the 
2^-states. There will be three of these corresponding with m/ =0, 
and nz; = i I respectivdy. 

Now we have seen that for j-states, the dectron cloud is spherically 
symmetrical and possesses (« — i) spherical nodes. In the /(-states 
the radial factor is characterised by the possession of a node at the 
centre, and by (n — a) spherical nodes. 

Fig. 16, for example, shows the radial factor R for the a^-state. 
Since n = a, n — 2 =0, and there are no spherical nodes, and you 
will see that the curve has a zero value at r = o, rises to a maximum, 
and then dies away gradually. This radial curve is the same for the 
three states Up, mi = o; a/», m/ = i i but the polar diagrams for the 
three states are different, and are shown in Fig. 17. 

Now if you combine the radial curve of Fig. 16 with the polar diagram 
of Fig. 17(0), you begin to get your picture of the electron cloud distri- 
bution. In the state ip, m = o, at the centre of the atom, the electron 
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cloud density is zero,_ because the radial factor R (Fig. i6) is zero at 
r = o. At other distances the electron density is greatest in the 
direction of the ^-axis, because the length OP in the polar diagram 
Fig. 17(a) is a maximum in the direction of the 2-axis, and the electron 
density is given by the product of the radial factor and the len gth 
from the polar diagram in the direction concerned. At all distances 
the electron density is zero in the xy plane, because the lengths in the 



Fig. t6 — ^The radial factor for the s/i-state of the hydrogen atom 



(a) m = 0 (&) m = ± I 

Fig. 17 — Three-dimensional polar diagrams for the three ^-states 




Figs. 17 (a), {b),and (s) are Mentkd in shape and differ only inorimlatumrelalive to the x,y and z 
axes. It will be seen mat an increase in the value of mjrom 0 to ± i results in the electron 
cloud becoming mere concentrated in the xy plane. If the above three patterns are added together, 
thry produce an electron cloud qf spherical ^nmetry. 
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polar are zero in this plane. You will see, therefore, that if 

we any direction outside the xy plane, the electron density 

starts by being zero at the centre of the atom, and then rises to a 
jn a-TimnTTi and gradually fades away in accordance with the form of 
the radial curve of Fig. i6. If we compare the different directions, 
the polar diagram of Fi^. 17(a) shows that the electron cloud stretches 
out farthest in the direction of the ir-axis. 

OM; Do you mean, therefore, that if we are dealing with the outside 
part of the electron doud, Fig. i7(ffl) is a general “ picture ” of the atom, 
provided we imagine that the sharp boundary surface is replaced by 
a diffuse cloud? 

YS: Yes, that is more or less right. Fig. 17(0) shows that, at a given 
distance from the nucleus, the electron cloud density is gi'eatest in 
the direction of the af-axis. The radial curve of Fig. 16 shows that the 
radial factor diminishes continuously after about 1.5 A from the 
nucleus, and so you are correct in saying that for the outer part of 
the electron doud. Fig. 17(11) is a general indication of the “ shape of 
the atom,” if you imagine the sharp surface replaced by a diffuse 
cloud. 

OM; Are the polar diagrams of Fig. 17(6) the same as that of 
Fig. 17(11), but turned in the directions of* and y axes respectively? 

YS: Yes, that’s right. The three are exactly the same, and differ 
only in orientation. 

OM: Is the curve for the radial &ctor the same for the three polar 
diagrams? 

YS : For a given value of I, the radial factor depends on the quantum 
number n, and is the same for the three states nii ~ o, m/ = ±1. 

OM: Then are the electron clouds of the three states, tm = o, 
m; = ±1, exactly the same, except as regards orientation? 

YS: Yes, that’s right. Further you will see that the maximum 
value of any one is in the direction of the minima of the other two, 
and the shapes are such that if the three patterns were added together 
they would form a sphere. 

OM: Has that any significance? 

YS: Oh, very much so ! We shall see later that the atom of nitrogen 
contains one electron in each of the z/i-states, and the total electron 
cloud density of these three electrons is spherically symmetrical. 

OM; Do you mean that if there is more than one electron in an 
atom, you can add their electron clouds together? 

YS: Yra. You must remember that the electron clouds are only 
ways of visualising the probabilities of finding an electron in different 
repons of space. As electrons are identical, it is quite legitimate to 
add together the electron clouds of the individual electrons in order to 
obtain the total electron cloud density. 
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FJg. i6 — The radial factor for the ^p-atate of the hydrogen atom 

TUs has a nodt at the centre and one spherical node atr= a, since n — a = i 


OM: Then do you mean that the diagrams of Figs. i6 and 17 enable 
one to read off the electron cloud density of the nitrogen atom ? 

YS; Oh, no! The radial factor, R, for the 2p-statc of the nitrogen 
atom will be different from that of tlie a^-state of the hydrogen atom. 
You must remember that nitrogen has atomic number Z = 7, and so 
each electron is moving in the field resulting from a nucleus of charge 
+ 7«, and the six other electrons. For an electron in a /-state the 
radial factor still shows (n— 2) spherical nodes, but the details depend 
on the atom concerned. The polar diagrams for the three 2/-states of 
the atom of nitrogen although not identical with those of Fig. 17, 
arc of the same general form, and when added together produce an 
electron cloud with spherical symmetry. The nitrogen atom is there- 
fore spherically symmetrical because it contains one electron in each 
of the three 2/-states (2/, mi = o; 2/, m/ = -f-i ; sp, mi= — i). 

OM; I see. And then if we have an electron in a 3/-state of the 
hydrogen atom do the same polar figures still apply? 

YS; Yes. The polar diagrams for the /-states always apply for 
hydrogen. The difference between the electron cloud pattern of an 
electron in a 3/-state of the hydrogen atom and of an electron in a 
2/-state lies in the radial factor. For the 3/-state, n— 2 =3—2 = i, 
and so the radial factor for the 3/-state has one spherical node, as 
well as the node at the centre. Fig. 18 shows the radial factor (r) 
for the 3/-state of the hydrogen atom, and you will see that this has a 
node at the point r = 0, and another node at the point r = a. The 
vertical scale of Fig. 18 has been greatly magnified compared with 
that of Fig. 16. 

OM: If one compares Figs. 16 and i8, it seems that the electron 
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cloud of the gp-state of the hydrogen atom stretches out farther than 
that of the a^state, Is that right ? 

YS: Yes; that’s a perfectly general principle. In any one atom 
the electron clouds of the zp, 3/1, # • • ■ states stretch out farther 
and farther with increasing n, although there is naturally no simple 
relation between the electron clouds of the atoms of different elements. 

OM: So the electron cloud of the 3^, w = 0 state of the hydrogen 
atom will be stretched out along the ar-axis, like that of the zp, m = 0, 
state, and will stretch out farther, but will have a spherical node 
inside it? 

YS: That’s more or less right. So you see, you can begin to get 
some idea of what the electron cloud picture of an atom is like. 

OM: Are the spherical nodes always well within the electron cloud? 

YS: Yes, that’s perfectly right. The spherical nodes affect the in- 
terior rather than the exterior of the electron cloud. 

OM: It would seem, therefore, that if we consider only the outside 
of the electron doud, Fig. 1 7 will still ^ve more or less the “ shape ” 
of the atom, if we imagine the sharp surface replaced by a diffuse cloud. 

YS: That^s quite right. 

OM: Well, now what about the d-patterns ? 

YS: If you have understood the general principle underlying the 
^■states, we can describe the d-states very simply. We have seen 
that in the j-states the radial factor R{r) R*{r) has (n — i) spherical 
nodes, and no node at the centre. In the ^-states, the radial factor 
has (n — 2) spherical nodes, and a node at the centre. In the d-states 
the process is carried a stage farther, and the radial factor has (n — 3) 
spherical nodes together with a node at the centre. So there is a 
regular sequence 01 {n — i), (n — 2), and (« — 3) spherical nodes for 
the J-, p-, and d-states respectively. 

OM: Then do you mean that for the 3d-slate the radial curve has 
no spherical nodes? 

YS: That’s right. For the 3d-state, » = 3 and so n — 3 = 0, and 
there are no spherical nodes. The radial factor for the 3d-state of 
the hydrogen atom is thus of the general form^ of that of the a^-state; 
it is zero, at r = 0, rises to a maximum, and then gradually fades away. 
The radial factor for the 4d-3tate has a node at the centre, and 
« — 3=4 — 3 = i spherical node as well. 

OM: Then when you have fixed the radial factor, the polar factors 
of the p- and d-states will I suppose be different? 

YS: Yes. They are quite different. From what we said before 
you will see lhat there are five d-states for a given value of I, namely 
those for which m; =0, ± i, and dr 2 respectively. The polar 

The details are not exactly the same. For the sA-statc R(r)R*{r) varies as r*^~r, 
whereas for the sd-state varies as r*r-r. 


90 



p- AND rf-STATES OF THE HYDROGEN ATOM 



In I<tgs. ig (a), (i) and (c), increasing 
value of m results in the electron cloud 
becoming more concentrated in the direelion 
of the plane. The patterns for m t 

ore identical except as regards orienlalioti, 
and the same applies to the patterns for 
m = ± a. The five patterns when added 
together produce an electron cloud of 
spherical .yimmetiy. 


1 



(i) 


m = ±i 



(c) m = ±9 

Figs. 19 (a), (b) and (c) — Tbree^imenBlonal polar diagrams for the live 

^-states 
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diagrams for these are shown in Fig. 19, and you will see how these 
illustrate the general principle that with increasing value of m, the 
electron cloud becomes more concentrated in the directions of the 
plane. 

OM: Do the different rf-patterns fit together so as to produce an 
electron cloud of spherical symmetry ? 

YS: Yes. If you add together the polar diagrams of the five types 
of the d-state, you obtain a sphere. This means that if you have an 
atom with one electron in each of the five d-states, or with two electrons 
in each of the five d-states of a given quantum number n, then the 
electron cloud of the group of 5 or of to electrons is spherically sym- 
metrical. This is of great importance because it means that if we have 
an atom with a group of 18 electrons such as^ (gr)® (3/))“ (3d)i“, then 
the complete group is spherically symmetrical, because the electron 
cloud for each s electron is spherically symmetrical, whilst the (3^)8 
and (3i)“ sub-groups of electrons are spherically symmetrical as we 
have explained above. 

OM: You mean, do you, that these three-dimensional polar dia- 
grams have to be combined with the curve for the radial factor in order 
to obtain the complete variation of the electron cloud density round the 
nucleus? 


YS; That’s right. They are to be interpreted exactly as in the case 
of the diagrams for the ^-states wliich we have just discussed in detail. 
M in the case of the /i-states, the radial curve for a given value of n 
is the same for all the polar diagrams of Fig. 19, whilst the polar 
diagrams are the same for all values of «. 

OM: Shall I find these polar diagrams in other books ? 

^ YS: There are not at present many books which give three-dimen- 
sional polar diagrams. The generd practice is to give one two- 
dimmsional diagram showing how 6(6) e*{e) varies with 6, and 
another showing how <P(^) <|>*(^) varies with and then the lengths 
trom these two diagrams have to be multiplied together, and their 
product has to be multiplied by the radial factor Rir)R*(r) at the 
distance concerned. But the three-dimensional polar diagrams give 
you a much more vmd picture of the way in which the electron cloud 
density varies in different directions. 

nf numbers outside the brackets denote the numbers 
of electrons m the state concerned. Thus (3,)* means a electronsTthe (3") s““ 


! 

I 
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13— Hydrogen, Helium and Lithium; 

Electron Spin and Pauli’s Principle 

O lder Metallurgist: Now that we have dealt with the three 
quantum numbers of the electron in the hydrogen atom, can we 
begin to get on to the elements of higher atomic number? 

Young Scientist: Before we do that, you must understand the 
meaning of the fourth quantum number which characterises an 
electron state, and is called the spin quantum number. 

OM: But is it really necessary for me to go into questions like 
electron spin when all Tm wanting to do is to understand metals ? 

YS: Most certainly it is. Ferromagnetism is the result of electron 
spin, and even you can’t call magnetism an unpractical subject! 

OM: Then if a spin quantum number has to be considered, do you 
mean that an electron state is not fully defined by the three quantum 
numbers n, I and m/? 

YS: Yes. A detailed examination showed that all the facts could 
not be accounted for by three quantum numbers. The solution was 
found by Uhlenbcck and Goudsmit, who suggested that, apart from 
their translatory motion, electrons in atoms were associated with a' 
spin and could set themselves either parallel or anti-parallel to an 
applied field. The angular momentum associated with the spin is of 
magnitude 

v’TCi) + i) 

where ^ = 4. The component of the spin momentum in the direction 
of the »-axls, which you will remember is defined by a weak magnetic 
field, is 


where the spin quantum numbers m, may equal + ^ or — J. In this 
way an electron state is completely defined by the four quantum 
numbers n, /, m/, and 


OM: Then is the magnetic moment of the spin equal to the angular 
momentum multiplied by as was the case for the orbital angular 
momentum? 


YS : No. The magnetic moment associated with the spin is 



Iv-rs+T) 
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The factor for the spin is as compared with ^ for the orbital 


e 

me * zme 

angular momentum. 

OM: Then is the component of the spin magnetic moment in the 
direction of the field 

— X ^ X 


me 


Sir 


— which is what you 
47rmc ' 


YS: Yes. That’s right. 

OM: So if m, = ± 4 , the component is 
called a Bohr Magneton? 

YS: That’s right. 

OM: Does the spin make any very great difference to the energy 
of an electron state ? 

YS: No. There is only a very small difference between the energies 
of states with a given n, I, and mi, and with = +i and m, = — i. 
The difference does, however, become greater with increasing atomic 
number. 

OM: Then do tliese same quantum numbers come into the electron 
states of elements of higher atomic number? 

YS: Yes. 

OM: Well, if that is so, can you explain how one comes to get 
stable groups of electrons? I cannot see why one should not have 
any number of electrons in the lowest energy state. 

YS: The answer to that question is summarised in what is called 
Pauli’s Principle. According to this principle, in any one atom one 
cannot have more than one electron in a given quantum state as 
defined by all four quantum numbers n, I, mi and m,. There may for 
example be one electron in the 3/»-state, m; = o,m, — 4-4, and one 
electron in the 3^-state, mi = o, m, = — 4, but one cannot have 
two electrons in the same state as defined by all four quantum numbers. 

OM : Does that come out of wave mechanics ? 

YS: The principle was discovered empirically, but it can readily 
be fitted into the framework of wave mechanics if an additional 
assumption is introduced, but this would lead us into the mathematics 
which you want to avoid. 

OM:,How does Pauli’s Principle lead to stable groups ? 

YS: The principle does hot predict stable groups, but a little thought 
will show you that it renders impossible your suggestion that any 
number of electrons could enter the lowest energy state. From the 
relation between the quantum numbers described before, you will 
readfiy see that if can only equal -{- 4 or — 4, the maximum possible 
number of electrons in states with a principal quantum number n is 

94 



HYDROGEN, HELIUM AND LITHIUM 

2n®, if there can only be one electron in each state as defined by all 
four quantum numbers. 

OM : Before we go on, there is one thing I don’t understand. I’ve 
seen references to Pauli’s Principle which say that there can be two 
electrons in a given state — not one as you have stated above. 

YS: That’s a common difficulty at first, and it simply depends on 
whether you regard the quantum number m, as defining a state. If 
you prefer to leave out then you may say that each energy state 
defined by a given combination of n, I and mi can contain not more 
than two electrons — when the state is fully occupied one electron will 
correspond to and the other to m, = — J. If, on the other 

hand, you include in your definition of a state, then a state defined 
by a given combination of n, I, mi, and m, can contain not more than 
one electron. 

OM: Then does this principle mean that there cannot be more 
than two electrons in the {is) state? 

YS: Yes. We can now pass on from hydrogen to helium; in the 
latter element the atomic number is equal to a, and so the nucleus 
of charge + ae is surrounded by two electrons. As in the case of 
hydrogen, the lowest energy state is the (ir) state, and since Pauli’s 
Principle allows this to contain a electrons, both the electrons of the 
helium atom are in the (u) state. We may write the electronic struc- 
ture of the atom (u)*, and Fig. ai is a photographic reproduction of the 
electron density of the normal state of the helium atom, and you 
should compare this with the corresponding photograph (Fig. 20) for 
the (ij)i state of the hydrogen atom. 

OM : The electron cloud of helium seems to be much more dense 
round the nucleus. Is that because the increased nuclear charge is 
pulling the electrons more strongly towards the nucleus ? 

YS; That’s right. With increasing atomic number a (is) electron 
is drawn towards the nucleus more and more firmly, and as the atomic 
number increases the electron cloud of the (is) group occupies a con- 
tinually smaller region of space, and is bound more firmly to the 
nucleus. 

OM: Is there any way of measuring the firmness of the binding? 

YS: The work required to remove an electron from an atom is 
often called the ionisation potential of the electron in the state concerned. 
In the case of hydrogen the ionisation potential of the {is) electron 
is 13.53 volts, whereas in helium it is 24.47 volts. So a (ij) electron is 
held more firmly in helium than in hydrogen. 

OM: But if the atomic numbers of hydrogen and helium are i and 
a, should not the ionisation potentials be simple multiples of one 
another ? 

YS; Oh, no! That doesn’t follow at all. In the hydrogen atom the 
single electron moves in the field of the single nucleus. In the helium 
atom each electron moves in the field resulting from the nucleus and 
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" Alomi, Mctmilu md Qimla ” (Jluart and Vr^), by mrlesy of MeGmn Hill Book Company Inc. 


Fig, aa — ^PhotograpUc reptesenta- 
tion of the electron clond pattern of 
the normal atate of the hydrogen 
atom 

In .this jfjura the inUnsily of Ulminaliott 
is proportianal to tiu aabu of W* at At 
point concimi, and At fisutt may it 
regarJid as % pholograpbie nprtsmbtm of 
At p (r] tuna (f Fig. 8 (a). 


Fig. 31 — ^To illustrate the electron 
cloud of the normal (u)° helium 
atom 

This is on At some scale as the photograph 
(Fig. ao) of the (ii)^ normal hydrogen atom, 
hut Ate intensify of illumiiiatm has ietn 
divided by a factor of loo. The electron 
cloud if Ae helium atom is thus veiy mudi 
more dense than that of the Ifydragai atom, 


from the motion of the other electron — it’s a horribly difficult problem. 

OM: Well, in that case can one get a singly charged helium ion He'i', 
in which there will be only one electron moving round a charge of 
+ 2«, and, if so, will the ionisation potential of that electron be simply 
related to the ionisation potential of hydrogen ? ' 

YS: Yes. Under some conditions it is possible to study the energy 
reladons of the He+ ion, and the ionisation potential of this ion is 
54.14 volts, which you will see is almost exactly four (= a“) times that 
of hydrogen. 

OM: It would seem that the He+ ion is a very interesting thing to 
study. 

YS: That’s quite right — ^it enables one to examine the behaviour 
of one electron round a nucleus of charge + 2 e. 

OM: Now suppose we proceed from helium to the next element, 
lithium. This has atomic number 3, and 3 electrons. So am I right in 
taking that if the (u)* group can hold only two electrons, the third 
electron will have to go into a state of higher quantum number? 

YS: Thats right, Pauli’s Principle says that the (u)® group can 
Imld not more than two electrons, and so the tliird electron goes into 
the next highest energy state, which is the (ar) atate. We may write 
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the electronic configuration of the lithium atom in its normal or lowest 
energy state 

OM: Then what does the electron cloud of that atom look like? 
Is the (ii)® group held more firmly than in an atom of helium? 

YS : The (ij)* group of electrons is held more firmly in lithium than 
in helium, and it occupies a smaller region of space, because the atomic 
number of lithium is greater than that of helium. But the electron 
cloud of the (ar) electron in lithium is much larger and more diffuse 
than that of the (u) electron, just as the electron cloud of the (ar) 
state of the hydrogen atom occupies a larger region of space than that 
of the (ij) state. So you may say roughly that the inside of the electron 
cloud of the lithium atom is due mainly to the (ir)® group of electrons, 
whilst the outside of the electron cloud is due mainly to the valency 
or (aj) electron. Of course the electron cloud of the (ar) electron does 



Fig. 33 — To Illustrate the dectron doud density distribution in the normal 
free atom of lithium 


In this diagram the horizotdal axis represents the distance from the nucleus in A. On the vertical 
axis the eo-ordmates are proportional to the electron density p. The one curve refers to the electron 
cloud of the {tsY group of electrons; it mill be seen that me electron cloud density of this group 
of electrons has become vanishingly small at distances greater than about i.s^. The second 
curve refers to the (2.r)^ valency electron, and shows oru spherical rude at the point (a) in agree- 
ment with die principle that an electron in an ns state possesses an electron mud with (n— i) 
spherical nodes. The electron cloud density of the atom as a whole is obtained by adding the 
ordinates if ^ two curves. At distances nearer to die nucleus than 0.5A, the electron cloud density 
of the {is)* group becomes too great to be shown on the scale of the figure. 
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extend to the interior, as was the case for the (aj) state of the hvdm 
atom, but its density is so small relatively to that of the 
that we are justified in saying that the inside of the electi-L 
due to the (ttjtgKtup, aad & outside to the (ut) vlle„“™ect.^ ” 
OM: Can one show this kind of thing diagrammatically? 

YS: Fig. aa may help you to understand the way in which tli» 
electron cloud of the atom is built up. In this diavr-irn ?• 

are proportional to the electron cloud density, Shile tlie^abschf 
give the distances from the nucleus. The one cm-ve refers to ? u 
group of the electrons, and the other curve to the farli or 
ejectron of the free atom of lithium in its Irnial sta/e Vo; SK 
that beyond about i.aA the electron density of the Rroun hrm 
vanishmgly small and that the electron cloud of the® fg”? eK.“ 
projects farther. The electron cloud density of the atom u ! 
obtained by the su^ation of theSdSat^ie t^^^^ " 

will see Aerefore that at large distances from the nucleus the erelrn” 
cloud IS due entirely to the (ar) or valency electron On the rstVi u *j' 

. I. i.ti'"’ 

electron from a lithium atom tb a., J a (as) 

atom of helium. We may say that tliJ^iTm'"^ r an 

paratively loosely-bound elerfmn of lithium has one com- 

now notiL tSthSis group, and you wfil 

bound dcctronJ^tsWe'^tSblT^ouJ^^ g°* 

if we omit tS^wTralTsTy th™the^^^^ complicated class, but 
characterised, by a cJmparativelv sm.n u "^^^ah are 

electrons outside a stable ^oup. ^ number of loosely-bound 

remove an electron from^didmSfhdib^ necessary to 

;r°«;^'re°dred‘to^rimivrS^^^^ above indicate the 

lidiium. When the atoms of ® neutral atom of 

the energy characteristics of the valenrv ^ crystal, 

although the {is)» electrons are not S Iff are greatly altered, 
metal is much more complicated than ^ Problem of a 

present you may merely note that Paulin P • ^ atom, and for the 
S-upfro- 

98 



HYDROGEN, HELIUM AND LITHIUM 

tion which causes the valency electron of lithium to enter the (2j) 
state, and so results in the production of a metallic element. Pauli’s 
Principle is of the very greatest importance because it applies not only 
to free atoms, but also to molecules and to any system (for example, a 
crystal) in which the electrons occupy energy states^in all such cases 
a given energy state can contain not more than two electrons, one of 
each spin. 

Suggestions for fiirthra reading. For a more detailed account of the electron groupings 
m atoms, and their bearing on the chemical properties of the eleme T ii-B , the following 
books may be consulted: ^ 

^ EUclronie Them of Valettqt, N. V. Sidgwick (Clarendon Press, Oxford): 

The Mbire of the Chemical Band, L. Pauling (Cornell University Press). 
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14— The Elements Lithium to Potassium 

O LDER Metallurgist: You have explained why the atom nr 
lithium has one (as) electron outside a stable (1,1)2 
wliat happens when we pass on to beryllium, whose atom has W 
electrons and a nucleus of charge -(- 

Young Scientist: The energies of the lower electron states of the^P 
elements increase in the order 

ir < Qr < ajft < 3J < '^p. 

We have seen that the (is) state can hold only two electrons, and 
you will readily see that Pauli’s Principle allows the (gj) .state ? 
contmn two electrons, one of each spin. Consequently, the atom of 
b^lhum will have its lowest energy if two electrons are in the (u) 

ii Shefom e^^tron grouping 

(u)* (aj )2 

“ beiyllium not a gas like helium? 

^ complete i-quantum irroun 
Tl^e iomsation potential of helium is 24.465 volts, aSd so rre?u£ 

a lot of work to extract an electron from the (ij)? groun The^ru^a 
group IS thus very stable, and it is for this reason Hni NRi- 
in« eim i «mly b„S S ° hey IJ, S 

wiA othn atom to give riie to .table clieiiiical co iipLiitl. 

It Xust szJ: 

atom^' ^ electron held in the beryllium 

about twice as^uch ener^^to°re^*^^*^^””* requires 

beryllium as from an atom^f lithiZ*^ electron from an atom of 

work is required to remwe a^Siw dSon?"^ electron, how much 

froni the Be™on is^*ia ig'^voUs'!^”'"^ remaining valency electron 

OM: And now how much to remove another electron? 
rt): 153.1 volts. 

A wta ;?:h™ 
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atom of beryllium, you are left with the (u)® Be++ ion, and this is the 
stable helium grouping to which you referred before. 

YS; Exactly! 

OM: Then do you mean that the ^ij)® or helium group is to be 
looked on as existing as a stable group inside the beryllium atom? 

YS : That’s more or less right. If you consider the electron cloud 
of the beryllium atom as a whole, the (ij)® dectrons are deep down 
in the atom, and so are concentrated round the nucleus. The outer 
part of the electron cloud is due to the (2 j)“ electrons and, as these 
are not held very firmly, the atoms give rise to a metal. 

OM: The atom of beryllium has two valency or (aj) electrons, 
whilst the atom of lithium has only one. Does this mean that the 
electron cloud of the beryllium atom is larger than that of the lithium 
atom ? 

YS : No. The increase in the nuclear charge from + ge for lithium 
to + 4 e for beryllium means that the valency electrons of beryllium 
are bound more firmly than those of lithium, and so the electron cloud 
of the beryllium atom is smaller than that of the lithium atom. This 
is a general prindple, and the electron clouds of the atoms of each 
alkaline earth metal are smaller than those of the atoms of the pre- 
ceding alkali metal. 

OM: You mean that when you pass from lithium to beryllium, 
not only does the electron cloud of the (ir)* group of electrons contract, 
but the electron cloud of the valency electrons also contracts ? 

YS : That’s right. 

OM: Then which shell of electrons contracts the more? 

YS : In passing from an alkali to an alkaline earth metal, the electron 
cloud of the valency electrons contracts relatively much more than the 
electron cloud of the underlying ion or core. This is a general principle, 
and as we shall see later it is very important in connection with the 
structure of some alloys. 

OM: Well, suppose we now go on from beryllium to boron. If 
the (ar) sub-group can contain not more than two electrons, the extra 
electron, will, I suppose, have to enter the (a^) sub-group. So is the 
electronic arrangement in the boron atom 

(ij)® (su)® {2py? 

YS: That’s correct. For convenience I have summarised the elec- 
tronic structures of the different elements in Tables I to VI and you 
will see that on passing from boron to neon the electrons enter the (ap) 
sub-group until this has attained its full complement of 6 electrons. 
The structure of neon is 

(if)® (aj)® (aj5)® 

so that there are now 8 electrons in the a-quantum shell, and this is the 
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maximum (2x2* = 8) allowed by Pauli’s Principle. This group of 
8 electrons is very stable, and so neon is an inert gas like helium. 

OM: When the electrons enter the up shell do they pair off with 
opposite spins? In carbon, for example, are the two a/» electrons of 
opposite spin? 

YS: No. That’s a very important point. As you pass along the 
series of elements in which the (2^)“ sub-group is gradually built up, 
you find that the 2p electrons avoid forming pairs with opposite spins 
M long as this is possible. In carbon, for example, each of the two zp 
electrons has the same spin, and in nitrogen the three zp electrons have 
the same spin. 

OM: You mean that in die atom of nitrogen there is one electron 
in the up, m = 0 state, and one in each of the zp, m = + i and zp, 
m = ~ 1 states and these all have the same spin? 

YS: That’s right, and as we saw before (page 88) this means that 
the atom of nitrogen is spherically symmetrical. 

OM: Then what happens when you get to oxygen with one more 
electron? ‘ 

YS: In the atom of oxygen the electronic arrangement is 
(ij)® (2f)® {spy. 

There will then be two unpaired p electrons with the same spin, whilst 
the remaining two p electrons will form a pair with opposite spins. 
You can understand the whole thing if you remember that there are 
only three /i-states of a given quantum number n, namely those with 
m = 0, m = + 1 , and m = — i . Each of these can contain only one 
electron of a given spin. With not more than three electrons to distri- 
bute among the ^-states, the electrons can all have the same spin, but 
with more than three electrons, some will have to pair off and so 
form pairs of opposite spin. 

OM: Then by the time you have got to neon, the structure of the 
atom is 

(ij)® (2j)® {zpy. 

Does that mean that the six zp electrons consist of three pairs, each 
pair containing two electrons of opposite spin? 

YS: Yes. The {zp)* sub-group is a completely filled sub-group, in 
which each of the three states zp, m = o; zp, m = + i, and zp, 
m = — I, contains two electrons, one of each spin. 

OM: So this completed {zp)* sub-group will have spherical sym- 
metry, and the neon atom will be spherically symmetrical because 
the (is)*, (aj)®, and (aji)® groups or sub-groups are all spherically 
symmetrical? 

YS: That’s right. In any atom an electron group of the form 
(nr)® {np)* is spherically symmetrical. 

OM: When you pass along the series 

Li— >Be — ^ G-^N— > O-^ F— > Nc 


loa 



ELEMENTS LITHlUM TO POTASSIUM 

Tables I, n, and III 
ATOMIC STRUCTURES 



do the electron clouds become continually smaller? 

YS: As you pass along the series, the electron cloud of the (u)® 
underlying group becomes continually smaller. The electron cloud of 
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Tables IV and V 
. ATOMIC STRUCTURES 



(2j)® sub-group of the beryllium atom is smaller than the electron 
cloud of the (ar)^ electron in the atom of lithium, and the (ar)® group 
continues to contract as we go along the series Be-^>-B->-C ... As 
regards the {sp) electron clouds, the same general principle applies, 
hut you must remember that there are the three sub-sub-groups, the 
electron clouds of which are in different directions, so you must be 
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Table VI 

ATOMIC STRUCTURES 



The exact electronic configuration of the later elements is uncertain, but 
according to Seaborg, Katz, and Manning* the most probable arrange- 
ments of the outer electrons are: 


go Th 
gj Pa 
gaU 

93 Np 

94 

gs Am 
g6 Cm 



* G. T. Seaborgi J. J. KatSi and W* M. Manning, The Transuranie Elements: 
Research Papsrs, Part U, p. 1,309. i950. New York (McGraw Hill Book Co. Inc.); 
London (McGraw Hill FubliBhing Go., Ltd.}. 


careful to define exactly what you mean by “ size.” In the atom of 
boron there is only one electron in a ^-state, and so its electron cloud 
sticks out in one direction, whereas in an atom of carbon there are 
two p electrons whose clouds are in different directions. 

OM: You mean that in the atom of carbon, the fact that there are 
two directions concerned may make the electron cloud as a whole 
larger, even though it is smaller in any one direction? 

YS: That’s right. But once you get , a pair of zp electrons occupied, 
then the electron cloud of that pair becomes continually smaller with 
increasing atomic number. 
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OM: You have said that at neon the a-quantum group is completely 
filled, so on passing to sodium does the extra electron enter the 3- 
qu an turn group? 

YS: Yes. The valency electron of sodium is in the gj-state, that is, 
the lowest state of the 3-quantum shell. 

OM; Oh! I seel So that means there is now one loosely-bound 
electron outside a completely filled group, and that is why you get a 
repetition of properties, and sodium is a metal like lithium! 

YS; Exactly! 

OM: And in passing from sodium to argon, the changes in elec- 
tronic structure are similar to those found on passing from lithium to 
neon, and the periodicity is explained. 

YS ; Yes. As you will see from Table I, the passage from sodium 
to argon results in a building up of a group of 8 electrons in the 
3-quantum. shell, and the process takes place step by step just as in 
the building up of the group of 8 electrons in the 2-quantum shell 
which takes place between lithium and neon. 

OM; Are the electron clouds of the atoms Na->-Mg— >Al->Si . . , 
larger' than those of the corresponding elements Li— . . . 
in the preceding period? 

YS; Yes. The electron cloud of the 3s electron in the atom of 
sodium occupies a larger region of space than that of the (2 j) valency 
electron in the atom of lithium. It is a quite general principle that 
the atoms of the elements of the second period (Na, Mg, A 1 . . .) are 
larger than corresponding elements in the first period (Li, Be, B . . .). 

OM: I suppose that in second period, the electron clouds tend to 
contract with increasing atomic numbers as they do in the first period ? 

YS: That’s a quite general principle. The electron cloud of the 
(3s)* sub-group of electrons in magnesium is smaller than that of the 
(3r)^ electron -in sodium, and then on passing down the series 
Na->-Mg->Al-^Si ... the {3J)® group contracts more and more. The 
process is exactly like that in the preceding period. 

OM; If we write the electronic structure of the magnesium atom 
(ir)* (2j)* (3J)® 

can we say that the outside of the electron cloud of the atom as a 
whole is due mainly to the (3J)® electrons? 

YS: That’s more or less right. At the outside of the atom the 
electron clouds of the (ij)* and (ar)® and (2p)» groups or sub-groups 
have practically vanished, so that the electron cloud at the outside 
of the atom is due almost entirely to the (gj)® sub-group. But you 
will understand that the electron cloud of the (3s)® electron does 
extend right into the centre of the atom — you will remember the radial 
curves for the^ hydrogen atom. But broadly speaking it is correct to say 
that the outside of the Mg atom is due to the (3^)® electrons, whilst 
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inside the atom the electron cloud results mainly from the i -quantum 
and 3 -quantum shells. 

OM: The radial curves for the (3^) electrons in magnesium will, I 
suppose, be different from those for the (3^) electrons in hydrogen? 

YS: Yes. Each element has its own radial curve, but the radial 
curve for a (3J) electron still has 3 — 1=3 spherical nodes. The 
details must obviously be different in the different atoms because an 
electron moves in the field of force resulting from the nucleus and the 
motion of all the other electrons. 

OM; Gan the radial curve be calculated — if so can you show me 
some of these ? 

YS : The electron cloud distribution in a great many atoms can be 
calculated approximately, but it is not worth your while to bother about 
the results, because they refer to free atoms whereas you as a metal- 
lurgist are concerned with the atoms in a crystal. 

OM: How does that affect things? Do you mean that all this theory 
is useless to me as a metallurgist? 

YS; When the atoms are brought together to distances of the order 
io~’ cm, the inner electrons are not greatly affected, because these 
electrons are so predominantly under the effect of one nucleus that 
they are only slightly affected by the presence of other atoms. But 
the electrons in me outermost parts of the electron clouds arc greatly 
affected or perturbed, and it is just this disturbance or interaction 
which produces cohesion, and is responsible for the characteristic 
properties of metals. But, however anxious you are to get on to the 
theory of metals, you must first understand the main electronic struc- 
tures of the free atoms. 

— The tables of atomic structures are based on time in ** Atomic Theory for Students of Metallursy ** {Hume^ 
Rothery) by courtesy ^f the Institute of Metals, 
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15— The Elements Potassium to Krypton, and 
Rubidium to Xenon 

O LDER Metallurgist: I have been thinking over what you said 
about Pauli’s Principle and the number of electrons in completed 
(quantum groups, and it seems to me that there must be some mistake 
in it. 

Young Scientist: What makes you think that? 

OM: Well, you said that the number of electrons in a completed 
quantum group is where n is the principal quantum number. This 
means that the numbers of electrons in the completed groups are a, 8, 
i8, 33 . . . This agrees with the fact that helium (atomic number 
=’a), and neon (atomic number = lo) are inert gases corresponding 
with completely filled groups. But the atom with three completely 
filled groups would contain a + 8 + i8 = a8 electrons, and would 
therefore have atomic number a8. This is the atomic number of nickel, 
and so we should expect nickel to be an inert gas, which it certainly 
is not— the next inert gas after neon is argon, and its atomic number 
is only i8, 

YS; What you say is not altogether unreasonable, but you’ve 
jumped to conclusions too quickly. When we reach the 3-quantum 
shel^ the total number of electrons which it can contain is 3 X 3® = 18. 
These electrons divide themselves up into three sub-groups 
{yf {3Py (3d)“. 

You will see, therefore, that the first two sub-groups 

(3P)® ^ 

contain 8 electrons, just as was the case for the 

{^sy{2py 

sub-groups of the 2-quantum shell. The solution to your difficulty 
lies in the fact that the octet of electrons formed by tlie two sub-groups 
of the general form 

{nsy {np)\ 

forms a very stable arrangement. This means that when you reach 
argon, whose electronic structure is 

(ir)* {2sy {2py ivy {spy, 

the outer shell of electrons is a stable octet, and it is the stability of 
this arrangemeht of 8 electrons which gives argon the properties of 
an inert gas. The 3-quantum shell can eventually contain 18 electrons, 
but the (3j)® {spy octet has, as it were, a kind of provisional stability. 

OM: Then when you pass from argon to potassium, does the extra 
electron go into the 3rf-state, and so begin to fill up the (3d) sub-group ? 

YS : This is the point at which the process becomes a bit complicated. 
If we consider the outermost electrons in the atoms of the elements 
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immediately following potassium we find that the energies of the 
different states increase in the following order: 

V<Zp<^<id<^p 

This means that when the (gr)® {^pY sub-groups are filled, the next 
lowest energy state is the 4r-state and so the outermost electrons of the 
atoms of potassium and calcium have the arrangements 



The electrons enter the 4^ sub-group, and potassium and calcium 
have electronic structures analogous to those of sodium and mag- 
nesium. 

OM: You mean that the (41)^ electron of potassium is relatively 
loosely bound outside a stable group, and that is why it is an alkali? 
YS: That’s right. 

OM ; Then what happens when you go on to scandium ? 

YS: Look at the above order of the different energy states and 
answer the question yourself. ' 

OM: You mean that as the energy increases in the order 

3f<3/)<4j<3d<4/) 

the last electron in scandium must enter the sub-group ? 

YS: Yes. The electronic structure of scandium is 

• • • (3^)* (3/-)" (3^)^ (4^)*“ 

and so the 3-quantum shell has now begun to expand from the pro- 
visionally stable octet into the complete group of 18 electrons. If you 
examine Table III, you will see that the elements from scandium to 
copper are those in which the (3<f) sub-group gradually fills up until 
it holds its full complement of 10 electrons, and then the 3-quantum 
shell contains its completed 

(3^)® {Zpy (3<i)“ 

sub-groups, giving a total of 18 electrons. The elements in which the 
group of 8 electrons expands into one of 18 electrons are known as 
transition elements, 

OM : I can see from Table III that in the atom of copper there is one 
(4j) electron outside the completed group of 18 3-quantum electrons. 
If this is so, why is copper not an alkali metal? 

YS: You will remember that copper does give rise to univalent 
salts, so that in some ways it does resemble an alkali metal. The 
difference in properties arises to some extent from the fact that the 
group of 18 electrons in copper is not yet very stable, with the result 
that some of the (3J) electrons can still interact with the electrons of 
other atoms. It is customary to use the letters K, L, and M, to denote 
the electrons whose principal quantum numbers are i, a, and 3 res- 
pectively, and as you pass along the series 

Cu-^Zn-^Ga-»-Ge . . . 

the group of 18 iW electrons becomes more and more firmly bound. 
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OM: You say that in the atom of copper, the electrons are not 
yet veiy firmly bound. Does this mean that they still concern the 
outside of the electron cloud of the copper atom? 

YS: In a general way, yes. The extreme outside of the electron 
cloud of the copper atom is due to the 4s or valency electron. If you 
compare the atom of copper with that of an alkali metal, you find that 
in copper the electron doud of the ion extends relatively much nearer 
to the outside of the atom. The outermost part of the electron cloud 
of the Gu+ ion is due mainly to the {3d) electrons. You may say that 
in copper the electron cloud of the Cu+ ion extends over a much 
greatCT fraction of the volume of the atom than is the case with the 
atom of an dkali metal. 

OM: Docs the same apply to the elements immediately preceding 
copper? 

YS: Yes. As soon as the (3d) sub-group of electrons begins to fill 
up, its electron cloud is relatively much nearer to the outside of the 
atom than is the electron cloud of the underlying (3^)® (3^)® group. 

OM: Then, when you pass on from copper to zinc, what happens? 

YS: On passing from copper to krypton, the electronic changes are 
exactly analogous to those occurring between sodium and argon. The 
4-quantiim shell builds up an octet, and as you will see from Tables 
I, II and III the 4? and 4/1 sub-groups build up in exactly the same way 
as in the case of the 3J and 3^ sub-groups in the pervious period. When 
we reach krypton, there is an octet of 4-quantum electrons, and so 
krypton is an inert gas like neon and argon. Then when we go on to 
rubidium, the extra electron enters the (sj) state, and so there is one 
relatively loosely-bound electron outside a stable octet, and the result 
is again ein alkali metal. 

On passing from rubidium to xenon, the general changes in electronic 
structure are similar to those in the passage from potassium to krypton, 
although, as you can see from Tables I and IV, the exact details 
round about Groups VI-VIII are not exactly the same. Rubidium 
and strontium are typical alkali and alkaline earth elements, and the 
outermost of the electrons in their free atoms are in the (5^) sub-group. 
Then on passing to yttrium the transition process sets in and the (4^)^® 
group begins to fill up, and on reaching silver we have, as in copper, 
one electron outside a completed group of 1 8. Finally, on passing from 
silver to xenon, the (y)® (5/1)® octet is built up, and xenon is an inert 
gas. In general, therefore, the electroriic processes occurring in the 
first two long periods are very similar. 

OM: There is one point about these tables on which I am not clear. 
I understand the general process by which the electron groups and 
sub-groups arc built up, but you said sometliing about the outermost 
electrons being affected when atoms approached one another as closely 
as they do in crystals, and I am not certain how this affects the use of 
the tables in connection with solid metals. If the outermost electrons 
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Table VH 

INTEIWATIONAI, ATOMIC WEIGHTS, 1951 


Actinium • 

Aluminium 

Americium 

Antimony 

Argon 

Arsenic 

Astatine 

Barium 

Berkelium 

Beryllium 

Bismuth 

Boron 

Bromine 

Cadmium 

Caesium 

Calcium 

Californium 

Carbon 

Cerium 

Chlorine 

Chromium 

Cobalt 

Copper 

Curium 

Dysprosium 

Erbium 

Europium 

Fluorine 

Francium 

Gadolinium 

Gallium 

Germanium 

Gold 

Hafnium 

Helium 

Holmium 

Hydrogen 

Indium 

Iodine 

Iridium 

Iron 

Krypton 

Lanthanum 

Lead 

Lithium 

Lutetium 

Magnesium 

Manganese 

Mercury 


Ac 8q 
A 1 ,3 
Am 95 
Sb 5, 

A 18 
As 33 
At 85 
Ba 56 


Bi 83 

5 5 

Br, 35 
Cd 48 
Ca 55 
Ca ao 
Cf 98 
C ^6 
Ge 58 
Cl 
Cr 
Co 
Gu 
Cm 
Dy 
Er 68 
Eu 63 
F 9 

Fr 87 
Gd 64 
Ga 

Ge 3a 
Au 79 
Hf 7a 
He a 
Ho 67 
H r 


if 77 

Fe a6 
Kr 36 
57 

Pb 8a 
Li 


At. Wfc* 


327 - 
26.98 

[343] 

121.76 
39-944 
74-91 
[aioj 

i37-3<> 

[«45] 

9.013 

209.00 
io.8a 
79-916 

1 12.41 

139-91 

40.08 

[946] 

12.010 

140.13 

35-457 

39.01 

58-94 

63-54 

[243] 

162.46 

167.2 

159.0 
19.00 

[993] 

136-9 

69.72 

72.60 

197.2 
178.6 

4.003 

164.94 

1.0060 

114.76 

126.91 

193-1 

55-85 

83.80 

138.92 
207.21 

6.940 

174.99 

94.39 

54-93 

200.61 


Molybdenum 

Neodymium 

Neptunium 

Neon 

Nickel 

Niobium 

Nitrogen 

Osmium 

Oxygen 

Palladium . . 

Pho^horus 

Platinum . . 

Plutonium . . 

Polonium . . 

Potassium . . 

Praseodymium 

Promethium 

Protactinium 

Radium 


Rhenium 

Rhodium 

Rubidium 

Ruthenium 

Samarium 

Scandium 

Selenium 


Sodium 

Strontium 


Tantalum , 

Technetium 

Tellurium 

Terbium 

Thallium 

Thorium 

Thulium 

Tin 

Titanium 

Tungsten 

Uranium 

Vanadium 


Ytterbium 

Yttrium 

Zirconium 


Mo 
Nd 
Np 

Ne 10 
Ni 28 
Nb 41 


38 

16 

Ta 73 
Tc 43 
Te 52 
Tb 65 
T1 81 
Th 90 
Tm 69 
Sn 50 
Ti 22 
W 74 
U 92 

V 23 

Xe 54 
70 70 

Y 39 
Zn 30 
Zr 40 


At. Wt.* 


95-95 

144-97 

[237] 

20.183 

58.69 

92.91 

14.008 

190.2 

16.0000 

106.7 

30-975 

195-93 

[949] 

210 


[145] 

231 

226.05 

222 

186.31 

102.91 
85.48 

101.7 

150.43 

70.96 

28.09 

107.880 

22.997 

07.63 

32.066t 

160.88 

[99] 

1 1^.6 1 
159-a 

204.39 

232.12 

169.4 

118.70 

47.90 

183.92 

938.07 

50-95 

131-3 


* A value mven in brackets denotes the mass number of the isotope of longest 
known half-life. 

t Because of natural variation in the relative abundance of its isotopes, the atomic 
weight of sulphur has a range of ±0.003. 

[The names given above are those adopted by the Chemical Society.] 

• [Reprinted from the Report (f the Commission of Atomic W^hls to the i6t/i Conference of 
the International Union of Pure and Applied Chemistry, and the Journal of the Chemical Society, 

1953. P- I-] 
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were very much affected by the presence of neighbouring atoms, i 
would seem probable that for these electrons the details of the table 
might be different for the free atoms, and for the solid metal. 

YS : That is quite true, and you must understand plainly that th 
electronic structures of die tabl^ refer to free atoms, and that th 
details of the outermost electrons are often quite different in soli 
metals. As we shall see later,, the electrons in solid metals can ofte: 
be regarded as in states derived from those of the free atoms, but th 
detaifi of the distribution of the outer electrons are often quite ^fferenl 
For example, as you can see from Table IV the free atom of palladiun 
has no electrons in the Rj-state, but in solid palladium there ar 
electrons in states resembling those of the 5J-state of the free atom 
You must understand very clearly that the tables refer to free atoms 
and not to solid metals, although you can appreciate the structures c 
the solid metals only when you have grasped those of the free atoms 
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1 6 — ^The Elements Caesium to Uranium 

O LDER Metallurgist: It seems to me that if the Pauli Principle 
is carried to its logical conclusion, there must be a further compli- 
cation later on in the Periodic Table. You have explained how, in 
the first two long periods, the 3- and 4-quantum shells build up groups 
of 18 electrons. In the case of the 3-quantum shell, a group of 18 
electrons is the maximum possible, since 2 X 3® = 18, But according 
to Pauli’s Principle the 4-quantum shell can hold up to 2 x 4® = 32 
electrons, and so the (41)® (4P)® (44)1® arrangement of 18 electrons is not 
a completely filled quantum shell. It needs a further 14 electrons 
before a complete group of 32 electrons is filled. 

Young Scientist; What you say is perfectly correct, and the 
process to which you refer actually occurs in the periodic table at 
the place occupied by the so-called Rare Earth Elements. If you look 
at Table V you will sec that on passing from caesium to barium to 
lanthanum, the electrons enter the 6j and 5^ sub-groups, and the 
process is analogous to that in the preceding long periods. But on 
passing to cerium the additional electron enters the 4/ sub-group, and 
in the succeeding elements, as you will see from the table, the 4/ 
sub-group fills up until it holds its full complement of 14 electrons. 
By the thne we reach lutecium the ^4/)“ sub-group is full, and there 
is a complete group of 32 electrons m the 4-quantum shell. Then on 
passing to ha&um the normal transition process continues and the 
5^ sub-group fills up, and this process continues more or less— you 
will see from the table that the details are not exactly the same — as 
in the preceding periods, and gold has its { 6 s) or valency electron 
outside a group of 18. . 

OM: Then is the process from gold to emanation similar to that 
from silver to xenon, and from copper to krypton? 

YS: Yes. On passing from gold to emanation, first of all the (6j)®, 
and then the (6p)® sub-groups are filled up. 

OM; But that does not explain why thallium and lead often behave 
as univalent and divalent elements respectively, and not as trivalent 
and tetravalent elements as one would expect from their places in the 
periodic table. This would suggest some difference in the electronic 
structures. 

YS: That is a very important point, and one which concerns the 
structures of some alloys. As we have already seen, the general process 
in the seven elements preceding each inert gas is for the (nr)® sub- 
group to be built up first, followed by the («^)® sub-group. The 
valency of a metal is determined essentially by the number of loosely- 
bound electrons outside a relatively stable groupy-the alkali metals 
are univalent because they have one electron outside a stable group. 
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The answer to your question lies in the fact that the stability of the 
to)® sub-group increases greatly with increasing 7 i. When one reaches 
thaJlium Sie {6j)® sub-group is so stable that it can persist unchanged 
chemical reactionsj and so the atom of thallium has one 
relatively weakly-bound 6 p electron outside a fairly stable (6j)® 
sub-group, and therefore behaves as the atom of a univalent element. 
Similarly, the atom of lead can behave like that of a divalent element. 
In the preceding period the (gr)® group is not so stable, although there 
are some univalent indium compounds. In the_ earlier periods the 
(ftf)® sub-group is much less stable, and in aluminium, for example, 
there are no univalent compounds. The increasing stability of the 
(ftf)® sub-group in the later periods is of very great importance because 
the (df)® sub-group — and sometimes also die (gr)® sub-group — are so 
stable that they may persist unchanged in certain alloys, although in 
other alloys the sub-group may break down. 

OM: In this description you have dealt vnth the electronic arrange- 
ment in the atoms of the transition elements. Gan you say anytliing 
about the sizes of the electron clouds of the diflFerent elements? Do 
the electron clouds of the atoms of any one group become larger as 
one passes from the first to the second to the third long period ? 

YS; In any one group of the periodic table, the atom of an element 
of the second long period has a larger electron cloud than the corres- 
ponding clement in the first long period — the electrorr cloud of an 
atom of palladium, for example, is larger than that of an atom of 
nickel. In the third long period caesium and barium have larger 
electron clouds than rubidium and strontium respectively. But once 
the (4/)“ sub-group has been built up, the electron clouds of the 
remaining elements of the tliird long period are little if any larger than 
those of the corresponding elements in the second long period. The 
electron cloud of the atom of hafnium, for example, is about the same 
size as that of zirconium, and tire electron clouds of gold and silver 
are not very different, although both are larger than that of copper, 

OM: But why should the building up of the (4/)®* sub-group have 
this effect? Surely the fact that one has put a new sub-group into 
the atom should make it larger and not smaller ? 

YS: You are forgetting that the size of an atom is determined 
mainly by its most loosely-bound electrons, since it is these which 
move farthest from the nucleus, and so produce the outer part of the 
electron cloud. When you pass firom lemthanum to lutecium you 
increase the nuclear charge by 14, and this tends to attract the (6j) 
valency electron more closely. At the same time you add 14 more 
electrons to the 4 ’ 91 '^ 3 ’iif'um shell, and these electrons neutralise or 
screen off part of the nuclear charge. But the net effect of the whole 
process is that the outermost electrons of the atoms of the elements 
from hafnium to gold are bound more firmly than they would be if the 
4(/)^*.®hb-moup had not been built up. Consequently the normal 
expansion of the electron cloud expected on passing from one period 
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to the next is to a great extent neutralised by the stronger attraction 
of the nucleus for the outermost electrons. This effect is sometimes 
called the “ lanthanide contraction,” because it results from the 
changes taking place in the elements which follow lanthanum in the 
periodic table. 

OM: You said before (page no) that if one compared the electron 
clouds of the atoms of potassium and copper, one of the main differences 
was that in the copper atom the electron cloud of Ae underlying 
Gu+ ion extended relatively much nearer to the edge of the electron 
cloud of the atom as a whole. Does the same apply to silver and gold ? 

YS : Yes. In atoms of copper, silver and gold the outermost parts 
ofthe electron cloud are due almost entirely to the (41)^ (51)^ and (6 j)^ 
valency electrons respectively. But the electron clouds of the under- 
lying (4^)^®3 and (sd)^® sub-groups push out relatively much 

farther than is the case for the dectron clouds of the ions of the alkali 
metals. 

OM: When you say that the outermost parts of the electron clouds 
of atoms of copper, silver and gold are due mainly to the (4j)'^, (51)*- 
and (6i)^ valency electrons respectively, I presume that the vdency 
electron clouds do still extend towards the centres of the atoms, so 
that a valency electron is sometimes found relatively near to the 
nucleus. 

YS: Oh, certainly 1 Just as in Fig. is, the p{r) curve for the (si) 
state of hydrogen atom has its greatest value near to the nucleus, so 
the corresponding curves for the (41), (51) and (6j) valency electrons 
of copper, silver and gold rise as the nucleus is approached after the 
innermost node. But in this region of the atom, the electron cloud 
density of the inner electron groups is so enormously greater than 
that of the valency electron that it is a reasonable approximation to 
say that the electron cloud near to the centre of an atom of copper, 
silver or gold is due to the inner electrons, 

OM: Then when you proceed along the series 
Gu->Zn-> Ga->- Ge 
Ag-^ Gd->- In->- Sn 
Au-»Hg-»-Tl-»-Pb 

do the electron clouds of the (3«i)^®, (4^)^®, and (5^)^® sub-groups 
contract on account of the increased nuclear charge? 

YS: Yes, that’s quite right. They contract very rapidly, and what 
is more they contract more rapidly than the electron clouds of the 
valency electrons. This is one of the differences between the elements 
following an alkali metal and those following copper, silver, and gold, 
and, as we shall see later, the point is of great importance in some 
alloy structures. In the elements following the alkali metals, increasing 
atomic number results in the electron cloud of the valency electrons 
■ contracting much more rapidly than the electron cloud of the under- 
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IvinK ion, so that at each step the ion occupies a greater fraction of the 
atom But in the elements following copper, silver, or gold, each step 
results in the electron cloud of the ion contracting more rapidly than 
that of the valency electrons, so that the ions occupy a smaller fraction 


of the atom. , ^ i. „ • 

OM- In the Rare Earth Group, you say that the 4-quantum shell is 

completed by the building up of An (4/)” sub-group, and this gives 
a complete 4-quantum shell of (4s)* (#)“ ( 4 ^)“ ( 4 /)"‘ electrons, 
making a total of 3a, which equals 2 X 4®- It would seem, therefore, 
tlisit when, we go to the next Long Period, there will be ^ similnr ten- 
dency to build up a (5/)^* sub-group. , , . , . 

YS: That’s quite true, and it is now known that this process begins 
in the region of actinium in the Periodic Table. 

OM: That would mean that uranium and all the trans-uranic 
elements formed a kind of Rare Earth Group. 

YS; In a sense that is so, but the details are not the same. From 
Tables V and VI you will see that, once the filling up of the (4/) sub- 
group has begun, it tends to go straight on, with one (4/) electron being 
added at each step. There is a slight variation in gadolium and terbium 
where the (4/)’ grouping persists over two places, and this is owing 
to the fact that an exactly half-filled group acquires an increased 
stability. In general, however, once the process starts, it rushes through 
to completion. In contrast to this the corresponding elements in the 
Fourth Long Period — ^they arc called the actinons or actinides, show 
much more variable valencies, and the energies of the (5/) and (6d) 
electrons are more nearly equal, and at the moment (1954) the 
electronic structures of these dements are not known with certainty. 
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PART II— THE NATURE OF A METAL 


17 — The Metal as a Crystal 

O LDER Metallurgist: Now that we have dealt with the structure 
of the free atom, I hope we can begin to consider the structures 
of some actual metals. 

Young Scientist; It will be simplest if we begin first with pure 
elements. I suppose you know that although pieces of metal do not 
' often show well-defined crystal faces, the structure of a metal is essen- 
tially crystalline, in the sense that the atoms are arranged in a regular 
pattern? 

OM: Yes. That fact has already found its way into the metallurgical 
textbooks and journals. Is there something in the nature of a metal 
which prevents the crystals from ever possessing properly developed 
crystal faces? 

YS: Oh, certainly not! Under some conditions it is quite possible 
to obtain metal crystals with beautifiilly developed plane faces. Fig. 23 
shows crystals of magnesium formed by subhmation, and you will see 
that the plane faces are well developed. I have also been shown 
crystals of titanium and zirconium in the form of very regular hexagons. 
These crystals were deposited on hot tungsten filaments suspended in 
a dilute vapour of the iodide of the metal. Under these conditions the 
hot filament decomposes the iodide, and the metal crystallises out on 



[Cmlisy Magntmm MtUl Cmpariilm Ltd, 


Fig, — Crystals of magnesium formed by sublimation and showing 

well-developed plane faces (natural size) 
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the tungsten wire. In fact it is quite a common thing to obtain well- 
developed crystal faces when a metal is deposited from the vapour 
phase. 

OM: Suppose now we consider an ordinary casting of a metal — 
Fig. 24, for example, shows the microstructure of cast magnesium after 
etching in alcoholic nitric acid. Then am I right in thinking that each 
grain is a single crystal, and that the internal atomic arrangement is 
the same as that of a single crystal of the same metal with well-deve- 
loped plane faces? 

YS: That’s right. The essential thing is not the external fonn but 
the internal atomic arrangement. 

OM: Then am I to regard each grain in Fig. 24 as having a perfectly 
regular arrangement of its atoms? 

YS: That’s not quite correct. The grains in Fig. 24 are commonly 
called single crystals, and the atomic arrangement is more or less 
regular throughout. But a number of facts have indicated that the 
atondc arrangement is not absolutely regular. The evidence is mostly 
indirect, and the whole subject is in a rather confused state, because 
several different effects may be present together and are often not 
distinguished. With some substances, such as the diamond, it is 
possible to obtain crystals the internal structure of which is extremely 
perfect. Such crystals may be called perfect crystals, but it must be 
understood that the word “ perfect ” refers to the regular internal 
arrangement, and does not necessarily imply the existence of plane 
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faces. Some writers use the term ideal crystals'- but, as we sliall see later, 
this term is better avoided. ’ 

In contrast to the diamond, many other crystals, including those 
of nearly all metals, do not possess an ideally regular structure. In 
some cases one encounters what is called a “ lineage structure.” You 
will know that in nearly all cases the solidification of a metallic crystal 
from the liquid state takes place by the growth of dendrites, and 
the way in which the dendrites grow is of great importance because 
in many cases the metal does not join up to form a perfect crystal. 
You may regard the process of solidification as involving first the forma- 
tion of very small dendritic crystals, the branches of which grow 
outwards. Fig. 25, for example, shows some dendritic crystals of zinc 
which were found in a contraction cavity in a slowly-cooled ingot. 
As the cooling proceeds, the different branches may come into contact 
with one another, and with those of an adjacent dendrite, and slight 
deformation may occur so that the branches of a dendrite are no longer 
exactly parallel. In the final stages of solidification, the metal crystal- 
lises by filling in the skeleton frameworks. In this way each dendritic 
crystal gives rise to a grain which has solidified from one centre but, 
as the different dendritic branches are not exactly parallel, there will be 
slight irregularities at the places where the growths from two branches 
meet. This kind of structure was called a lineage structure by M, J. 
Buerger, and Figs. 26 A and B show the difference between a perfect 
crystal and one with a lineage structure. You will see that there are 
no large empty spaces in the grain, but there is a great difference 
between this structure and that of a perfect crystal, and there is no 
doubt that this difference affects the mechanical properties, 

OM: One might overcome that difficulty by using recrystallised 
metal. 



[From fUr Krislallographie 

Fig, 25 ^Dendritic zinc crystals in a contraction 

cavity of a polycrystalUne zinc rod ( X 7) 

'In the first printing of this book the term "ideal crystal” was preferred. 
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pjg, To UloBtrate the formation of a lineage structure 

A shows a perfect stnicturt. In B the whole grain has groom from one centre, but slight accidents 
of growth have doomed the branches of growing dtnrites so that the orientation is not exactly 
■' ® the same throughout 

YS: You are right in saying that the grains of recrystallised metal 
are sometimes more nearly ideal than those in cast metal, but one 
then finHs that so-called mosaic structures are formed, and these are 
often present in crystals obtained by solidification from the liquid 
or vapour state. Until recently it was thought that, in a mosaic 
structure, each crystal grain is divided up into small blocks or mosaics 
whose dimensions are of the order iO“* to io-“ cm. Each block possesses 
a perfect or very nearly perfect structure, but the different blocks are 
slightly out of alignment, the divergence from exact alignment varying 
from a few minutes to several degrees of arc. 

OM: Do you mean that I am to regard each grain of a rccrystallised 
metal as involving a regular structure of mosaic blocks of equal size? 

YS: No: At one time it was suggested that crystals possessed a 
regular mosaic structure, but the conclusion was shown to be fallacious. 

OM; But do you still mean that real crystals consist of small irre- 
gular blocks which are slightly out of alignment? 

YS: That’s a difficult question to answer. Until about 1945 the 
existence of some kind of irregular mosaic structure was regarded as 
almost certainly established, but in the years from 1950 onwards there 
has been a great development of what are known as the dislocation 
theories of crystals, arid these suggest that the problem may be more 
complex. We shall discuss these later,^ and for the meantime you 
shoind just note that the X-ray work indicates conclusively that a 
real crystal contains regions of slightly differing orientation, or misfit. 
The term mosaic structure is still used, but sometimes without any 
very precise definition of exactly what is meant. 

OM: If lineage structures and mosaic structures are accepted, I 
can imagine many other hinds of imperfection in crystals. 

YS: Oh, certainly! Under some conditions one gets a lamellar or 
plate-like structure. Fig. 37 shows examples of cadmium and zinc 

‘See Chapter 3a 
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Gd 

{From Pbysik. Chm, 


aj — ^To show plate-like strnctures sometimes found when zinc and 
cadmium crystals are formed from condensation of the vapour 
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crystals of this type, and although the lamellae are parallel there is 
clearly some kind of difference at the boundaries between them. 

Under some conditions one finds a structure in which the atoms are 
arranged in what is clearly a regular pattern from which occasional 
atoms are missing. These defects, or “ holes ” or “ vacant sites,” in 
the lattice are of great importance in many connections. For example, 
many characteristics of diffusion in the solid state suggest that the 
process takes place by a mechanism in which an atom next to a vacant 
Mte moves into that site, and thereby creates a new vacant site. In 
a perfect crystal it is often difficult to see how interchange of atoms is 
possible without a large excitation energy, but if there are vacant 
Mtes it may be comparatively easy for a neighbouring atom to migrate 
to the vacant site. 

OM: Do you mean that these vacant sites are, so to speak, accidents 
in the crystal structure which could be removed by suitable heat 
treatment? 

YS: There you have to distinguish between two distinct effects. As a 
practical man, you will know that most metals contract on solidifi- 
cation, and that it is easy to obtain ingots which are unsound owing to 
shrinkage cavities — ^the evolution of gas may also give you unsoundness 
in the form of blow-holes. Both these kinds of defect may be found on a 
scale varying from microscopic cavities to holes which can only be seen 
at the highest magnifications. This kind of effect is accidental, and 
could be removed by suitable treatment. Apart from this, vacant 
sites may be created by thermal excitation. If, for example, the forma- 
tion of a vacant site requires a given amount of energy E, then at all 
temperatures above the absolute zero there is a certain probability 
of a vacant site being formed. In tlie simplest thermodynamic treat- 
ment of the subject, if n is the number of vacant sites in a crystal 
containing N atoms. 


This equation means that the number of vacant sites increases with 
the temperature, and at each temperature there is an equilibrium 
concentration of vacancies. 

OM: You mean that there are so many fixed holes in the lattice? 

YS: The vacant sites are not fixed, but are in continual circulation 
through the crystal. The important tiling to realise is that these vacant 
sites are not accidents resulting from faulty preparation. They are 
the result of the lattice vibrations, and the most stable state of the 
ciystal, that is to say the state willi the lowest free energy, is the one 
with the equilibrium proportion of lattice sites. At the higher tempera- 
tures, a crystal is a much more dynamic structure than is often ima- 
gined. 

OM: The exponential form of the equation will mean that the 
number of vacancies increases rapidly with temperature, but what sort 
of magnitudes are involved? 

YS: For copper the valves of n\M are of the order io~i® at room 
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temperature, and lO"® at 900°C. We shall discuss the details of the 
process later. 

OM: But if a metal crystal is really as imperfect as all this, why do 
the books and papers talk of regular crystal structures, and show 
diagrams of unit cells which they say are repeated in regular array 
throughout the crystal? 

YS: The answer to that question is that the structures of the actual 
or “ real crystals ” are often reasonably regular over distances which 
are large compared with that between two adjacent atoms. Under 
these conditions what one may call the ordinary methods of X-ray 
crystal analysis reveal the perfect or ideal structure within the mosaic 
blocks, and this is what you will find described in the ordinary text- 
books and papers. It is only by looking into the X-ray diffraction 
effects more closely that the existence of the secondary structure is 
revealed. In the same way occasional vacant sites in the lattice will 
be revealed only by very subtle X-ray diffraction effects, or slight 
differences in density, and the ordinary crystal analysis reveals the 
underlying regular structure. 

OM; This is all most disturbit^. Do you mean that the ordinary 
crystal structure work is worthless to me as a practical metallurgist? 

YS; Oh, no! The actual structures are always based on or derived 
from the ideal structure, and so the latter must be understood thor- 
oughly before there is any chance of appreciating the structure of the 
real crystal. Apart from this, an understanding of the ideal structures 
when combined with empirical methods may lead you a long way. 
You may, for example, know that a phase of a particular structure 
leads to an alloy with unsatisfactory properties, and if you understand 
what factors lead to the production of the phase concerned you may 
be able to avoid its formation in complex alloys containing five or six 
metals. At present one must admit that the electron theory is con- 
cerned almost entirely with the ideal structures, and as you will soon 
realise, this problem is quite complicated enough. But in dealing 
with the theory you must always remember that the whole story will 
involve the structure of the real crystal as well as that of the ideal 
crystal. 
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1 8— Electrons in Crystals: Soft X-ray Spectroscopy 

Y oung Scientist: In Part I of this discussion we saw how the 
free atoms of the elements are to be regarded in the light of the 
new theories, and in our last discussion I explained how the electron 
theories deal only with the structure of the ideal crystal, and not 
with the dislocations and other imperfections of real crystals. The 
next stage is clearly to see what are the characteristics of the electrons 
when the atoms of a given metal assemlile together to form a crystal 
in which the atomic arrangement is perfectly regular throughout. It 
will probably be convenient if we begin by considering some of the 
new work on the soft X-ray spectroscopy of crystals. 

Older Metallurgist: Is it really necessary for us to bother about 
spectroscopy when all I am wanting is an account of cohesion in solid 
metals? 

YS: Oh, very much so! You have always prided yourself on being 
a practical man, and it is the soft X-ray spectroscopy which provides 
a direct proof of the correctness of some of the theory. Suppose 
we consider first the emission spectrum of the free atoms of a metallic 
element, that is, the emission from a hot metallic vapour — say that of 
sodium. In Chapter 14 we have seen that the electronic structure of 
a normal atom of sodium is 

(ij)* (2f)® (a/)" (3j)i. 

We might represent the energies of the different possible sub-groups 
by a vertical scale such as I have drawn in Fig. a8(fl) — this is purely 
diagrammatic and not in any way an accurate scale. If the figure were 
drawn to scale, the distance between the (u) and (as) levels would be 
very much greater than that shown in Fig. 28(11), whilst the distance 
between the (3J) and the (^p) levels would be mucli less, and so it 
would not be possible to show the whole thing clearly on one page. 

OM; Then in the actual free atom of sodium there will in the normal 
state be two electrons in the (u) group, two in the (aj) sub-group, 
six in the (ap) sub-group, whilst the one valency electron will be in 
the (3s) level, and the (3/) and (3d) levels will be unoccupied— is that 
right? 

YS; That’s right. In the normal state the (if)® (af)® and (2/))® 
groups or pb-groups are completely filled, and the single valency 
electron is in the (3f) sub-group, whilst the higher levels such as the 
3^, 3d or .4s are unoccupied. Under suitable conditions such as the 
high temperatures of flames or of electric discharges, it is possible to 
excite an electron into a higher state, so that an excited atom with an 
electronic configuration such as 

(if)* (aj)® (ap)« (3p)i 
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(a) (b) (C) 
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Fig. 38 

(a) Is a diagrammatic representation of the energy Uvelt of a free atom of sodium. 

(b) Shows the corresponding energy levels of an assembly of sodiutn atoms forming a botfy-cenlred 
cubic lattice of side 6 kX. The lower energy levels are sHll sharp, whilst the 3s and 3p levels 
have broadened into bands. 

(c) Shows diagrmnmatically the energy levels in the actual crystal of sodium where the side of 
the unit cell is 4.28 kX. The 3.)' arm 3/1 hands have broadened so muck that th^ overlap. 


is formed. This will have a higher energy than the atom in its normal 
state, because the (3/)) level has a higher energy than the (3J) level. 

OM; Then if the excited electron drops back from the (3P) state to 
the (3j) state, the atom will, I suppose, emit a quantum of light. 

YS: That’s right. If the excited electron drops back from the 
(3/1) to the (3j) state, the atom emits a quantum of radiation whose 
frequency is given by the equation 

hv = El- Eg .... XVIII (i). 
where Ei is the energy of the atom in the excited state, and E^ that 
in the normal state. The human eye could not detect the one single 
quantum, but if one had a large nvunber of atoms all undergoing this 
kind of transition then the light would be visible. It is electronic 
transitions of this kind which give rise to the characteristic spectra of 
the elements, each line in the spectrum corresponding to a definite 
electronic change. 

OM: Then are all the electrons concerned in optical spectra? 

YS : The wave lengths of visible light lie in the range 3,000-7,000^^, 
and in general it is only the outermost one or two shells of electrons 
which are concerned in the visible optical spectra. But under some 
conditions it is possible to excite one of the inner electrons of the 
atom. In the case of sodium, for example, one might obtain an excited 
atom with an electronic configuration such as 
(ij)i (aj)® iupy (3j)i (spy 
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Here one of the (u) electrons has been excited into the 3^ state. 
If the excited electron falls back again into the (u) state, the energy 
change is very much larger than those involved in the optical spectra; 
hence the wave length of the emitted radiation is much shorter, 
being of the order id, and an X-ray emission line results. It is by 
studying the wave lengths of the spectral lines emitted under different 
conditions that the spectroscopist is able to deduce the relative energies 
of the different levels of the atoms, and so to draw diagrams such as 
that of Fig. 28(a) on an accurate scale. 

OM: But that will refer to the free atom, and not to the state of 
affairs in the solid. 

YS: Well, suppose now that we consider not the free atoms of a 
vapour, but the assembly of atoms which build up a crystal of sodium. 
Then if we can by some means excite the electrons in solid sodium, 
the excited electrons may drop back into their normal states, and a 
study of the emitted radiation may reveal some of the energy charac- 
teristics of the electrons in. the solid crystal, }ust as the study of the radiation 
from hot metallic vapours revealed the electronic energy levels of the 
free atoms. 

OM: Do you mean that the electrons in solid crystals occupy 
definite energy levels ? 

YS; Yes. You may, if you like, regard the assembly of atoms in a 
metallic crystal as forming a gigantic molecule. This molecule has a 
scries of electronic states or energy levels, and at the absolute zero of 
temperature the electrons occupy the lowest energy levels, subject to 
the Pauli Restriction Principle that a given state can contain not 
more than two electrons — one of each spin. At the absolute zero an 
assembly of K electrons thus occupies the jV/z lowest energy levels. 

OM: Then are the electronic energy levels in a solid metal the same 
as those in free atoms, so that one can, in the case of sodium for example, 
speak of (ir) (zj) . . . etc., electrons? 

YS : It is not quite as simple as that. Suppose we return to Fig. 28, 
in which, as I have already explauned, Fig. 28(a) represents the electron 
levels in a free atom of sodium. Sodium crystallises in the body- 
centred cubic structure, the unit cell of which is shown in Fig. zg. 
We shall consider the details of this structure later, and for the moment 
we may note that there is one atom at each comer of the unit cell, 
and one at the centre. The side of the unit cell is 4.28 kX, and the 


closest distance between two atoms is 4.28 X —3-7^ Now let 


us suppose that we start with sodium vapour, and gradually compress 
this so that the atoms assemble to form a body-centred cubic structure, 
and let us suppose that we imagine this process stopped at a stage at 
which the side of the unit cell is QkX. In this case we should find a 
condition of affairs represented by Fig. 28(6). Here you will see that 
the (ij), (as) and (2^) levels are practically the same as those in the 
free atom, but that the (gj) and (gp) levels have broadened slightly 
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a = 4-282 kX 


Fig. 39 — ^The unit cell of the body-centred cubic structure of sodium 


Tlurt is one alom al the centre, and one at each corner of the unit celt, and the costal structure 
is formed hy the refietition this unit in three dimensions 


into ranges or bands of energies. At this stage in the process the assembly 
of sodium atoms would have two, two and six electrons per atom 
respectively, in states almost the same as those of the (u)®, (ar)* and 
(a/»)® sub-groups of the free atoms, but the valency electrons would have 
energies spread over a range. 

OM: Would the valency electrons still be in (3^) states? 

YS: At the stage shown in Fig. 28(i»), yes. 

OM: Then would their energies be spread over the whole range of 
energy you have marked in Fig. 28(6) ? 

YS : The single energy level of the free atoms broadens into a band 
as the atoms approach one another, but the number of electron states 
per atom remains unaltered. So if the crystal contains JV atoms the 
range of energy shown for the (31) electrons in Fig. 28(6) contains 2N 
electron states. Since there is one valency electron per atom, the valency 
electrons will, at the absolute zero, occupy the lower half of the (sr) 
band shown in Fig. 28(i). 

OM: It would seem that if the atoms were squeezed together suflB- 
ciently closely, the (35) and (3P) bands might overlap. 

YS: Exactly! Fig. 28(6) represents the condition of affairs when the 
atoms form a hypothetical body-centred cubic crystal in which the 
side of the unit cell is 6 kX. To get the condition of affairs in sodium 
itself we have to squeeze the atoms closer together until the side of 
the unit cell is 4.28 kX. In thh case the condition of affairs is as 
shown in Fig. 28(c). Here you will see that the (u), (2j), and {2p) levels 
are still sharp, but the (3J) and {^p) levels have now broadened so 
much that they overlap and form a continuous band. Under these 
conditions the valency electrons are said to occupy hybridized orbitals, 
and their condition is described by the superposition of the two wave 
functions. Strictly speaking we should no longer speak of electrons as 
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being in j-states, or ^-states, etc., when 
this hybridization has occurred, but 
it is a reasonable approximation to 
say that in solid sodium the valency 
electrons oflowest energy are in states 
derived from and closely resembling 
those of the 3J electrons of the free 
atom. 

OM: In this case they will have 
3 — 1=2 spherical nodes round the 
nuclei, but I suppose the outer node 
will be distorted owing to the in- 
fluence of the neighbouring atoms. 

YS; Yes. They are two nodes round each nucleus, and the inner 
of the two nodes will be approximately spherical, although the outer 
node wiU be distorted. The remarks refer to the valency electrons 
of lowest energy in the solid crystal and, as the energy increases, the 
p-fraction of the hybrid becomes more and more pronounced. You 
will see therefore that the difference between the solid metal and the 
free atom is that in the latter the energy levels are all sharp, whereas 
in the solid metal the valency electroiis have energies extending over a 
band or range of energies. 

OM: It seems to me that what you say is quite impossible. 

YS : Why do you think that ? 

OM; If the valency electrons are distributed over a range of energy, 
there will no longer be a constant difference of energy between a 
valency electron and an electron in a lower shell. This will mean, 
according to your equation above, that the spectrum should no longer- 
consist of sharp lines. Or does the equation not apply to solids ? 

YS: The equation always applies, and what you say is perfectly 
correct, and is, in fact, borne out by experiment. Fig. 30 shows part 
of the soft X-ray spectrum of sodium, and you will see that the emission 
is now in the form of a band and not of a sharp line. So what you 
thought was an objection turns out to be a direct confirmation of 
what I have explained to you in connection with Fig. a8. 

OM; Can you show me a spectrum of sodium vapour to compare 
with the above ? 

YS: I’ve not found a film of the spectrum of sodium vapour for 
direct comparison with Fig. 30, but I have photographs of the X-ray 
spectra of aluminium, and these are shown in Fig. 31. Here, again, 
you will see that some of the emission for the solid is in the form of a 
band. 

OM : Why is it not all in the form of bands ? 

YS : Liook at Pig. 28(<;), and think for yourself. Consider the difterent 
possible transitions. 

OM: Oh, I see. You mean that if a transition were to occur between 
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«g. 30 — Soft X-ray emission 
band spectrum of solid sodium. 
This part of the spectrum Is a 
band and not a sharp line 
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[From Riforb on PngKis in Pliysia,ig3B, V, *58 

Hg* 31— Soft X-ray spectra of aliuninium (a from vapour and (b) from 

solid metal 


The ^eclruin af Ike vapour eansists of lines, and this indmies that the sleclronic energy levels of 
Ihefru atoms are sharp. The spectrum from the soUd shows a d^e band which irSdcates that 
one of the electronic energy levels concerned is not sharp but extend.^ over a range of energies 


two levels which are sharp in Fig. a8(c), there would be a single charac- 
teristic energy difference, and consequently a sharp line would be 
produced. Whereas if the transition involved one of the levels which 
has broadened appreciably, then there would be a range of energies 
in equation (XVIII) (i), and consequently an emission band will be 
found. 

YS: That’s right. It is in this way that the spectroscopist is be^n- 
ning to explore the ener^ characteristics of electrons in solids, just 
as the earlier spectroscopy investigated the energy levels of the electrons 
in free atoms. 

OM: When you say that the energies of the valency electrons are 
spread over a range or band, what sort of magnitudes are involved? 

YS ; The widths of the bands of the valency electrons in different 
metals are of the order i — lo electron volts. ' 

OM: What sort of excitation process is used to obtain the soft 
X-ray spectra of solids? 

YS: The usual procedure is to bombard the metal with a stream 
of electrons. Under these conditions the atoms of the metal receive 
an intense stimulus, as a result of which an electron may be jerked 
out of one of the inner electron shells — say the (u) or K shell — and 
then if an electron drops back from the valency band into the (u) level, 
a quantum of radiation is emitted whose frequency is proportional to 
the energy change involved. If a large number of such transitions 
occurs, ^e distribution of frequency in the emission band will clearly 
be related to the distribution of the valency electrons over the range 
of energy in the solid. 

OM: Is it not very difficult to prevent the metal from overheating 
if electron bombar^ent is used? 

YS: Very much so. It is necessary to cool the target, more or 
less as in the water-cooled targets used in some X-ray sets. What is 
more, it has been found possible to cool the target with a stream of 


fi 


tag 


ELECTRONS, ATOMS, METALS AND ALLOYS 



[From FtUL Trans^ Roynl Sm., iU4(i, tkii, 1 1.|. 


Fig. 3a — ^To illustrate the effect of temperature on the high energy 
end of the soft X-ray emission bands of metal 

Tht lines show how the intensity falls off at the high energy end of the emission band, and it will 
be seen that the lines become more nearly vertical as the temperature falls-. At the absolute rero 
of temperature the line would be exactly vertical, and the head of the band would terminate 

abruptly 


liquid air, and so to investigate the effect of temperature on the 
energy distribution of the electrons in metals. Very beautiful work 
of this kind was done by R. W. B. Skinner at Bristol. 

OM: Am I right in thinking that if you were to cool the metal 
down to tlic absolute zero of temperature, the valency electrons would 
be at rest and the emission band would become a sharp line ? 

YS: That is what was thought until about igao, but the new 
theories which are supported by the soft X-ray spectroscopy show that 
the real position is very different. From what I have just said you 
will realise that by studying the intensity distribution across the 
emission bands, the spectroscopist is able to deduce some of the energy 
characteristics of the valency electrons in metals. As the temperature 
IS lowered it is found that the high energy end of the band terminates 
more and more sharply. This effect is shown in Fig. 32, which is 
taken from Ae vmrk of Skimier. Without going into details we may 
say that, alth^gh the actual experimental work has not been carried 
b^ow --183 G (hquid mr temperature), it is quite certain that at the 
absolute zero the energies of the valency electrons arc spread over a 
band or range (of the order i-io electron volts), and that this range 
ergies terminates sharply at a limiting value which we may call 
7" T.. . , . t'^Perature is raised some of the electrons of highest 

di^f^ band becomes 

of the the previous view of the condition , 

01 the electrons at the absolute zero was quite wrong, At the absolute 
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zero the energies of the valency electrons are still spread over a range 
or bandj and the valency electrons as a whole have quite a high energy. 

OM: Is what you are describing a theoretical conclusion or an ex- 
perimental fact? 

YS: It was first a theoretical conclusion, but tlie work of Skinner 
has confirmed it down to — i83°G, and a large amount of experimental 
work has confirmed the general conclusion. You may take it as quite 
definitely established that at the absolute zero the energies of the 
valency electrons are distributed over a band or range which terminates 
sharply at the high energy end, and that on raising the temperature 
the liigh energy end of the band becomes more and more diffuse. 

OM; All this is very interesting and I suppose the soft X-ray spec- 
troscopy is important because it gives a method of investigating the 
energies of electrons in solid metals? 

YS : Exactly ! And these energies are clearly related to the properties 
of the solid concerned. At the present the theory of electrons in solids 
is a long way ahead of the experiments, but as a practical man you 
will like to know that the general conclusions of the theory are being 
confirmed. 



1 9 — Electron Distribution Curves 

O LDER Metallurgist: You suggested last time that the soft X-ray 
spectroscopy was of interest to metallurgists liecause it gave an 
indication of the energy relations of tlie electrons in a metal. If this 
is so, there must, I suppose, be some way of showing how the electrons 
are divided over the different ranges of energy. 

Young Scientist: That’s quite right, and in many problems you 
will come across what are called M{E) curves. Let us suppose for a 
simple example that we know the valency electrons to have energies 
extending over the range XY shown in Fig. 33. Then clearly the 
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properties of the assembly will depend on whether the electrons nearly 
all have high energies, or nearly all have low energies, or are more 
or, less uniformly distributed over the whole range of energy. For 
this purpose we may define a quantity n(E) in such a way that n{E)dE 
is the number of electrons per unit volume of metal with energies 
between the limits E and E -j- dE. We may then plot n{E) against E, 
and the resulting curve will Indicate the distribution of the electrons 
among the different energies. An n{E) curve of the form shown in 
Fig. 34 would, for example, imply that the electrons had energies 
extending over the range OD, and that most of them had energies in 
the region of B where the curve rises to a maximum. The vertical 
end of the curve at CD means that no electrons have energies exceeding 
this value, and one may say that the head of the band is sharp. 
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OM: Do you mean that that is the way in which an n{E) curve 
terminates for electrons at the absolute zero? 

YS; That’s right. As I explained last time, at the absolute zero 
the electronic energies extend over a band or range which terminates 
sharply at the high energy end, and this is what is shown by the 
vertical portion CD in Fig. 34. At a higher temperature some of the 
electrons are excited into higher energy states, and the n[E) curve 
might be as in Fig. 35. In this case the curve again means that most 
of the electrons have energies in the region of B, where the curve rises 
to a maximum, but ^he head of the band will be diffuse. 

OM: If Figs. 34 and 3^ refer to the same number of electrons, it 
would seem from the definition of n{E) that the areas under the curve 
must be the same. 

YS: That’s right. The area under the n{E) curve is proportional to 
the number of electrons. 

OM: I notice, by the way, that you have written n{E), whereas 
most of the books write N{E). 

YS: I’ve done that intentionally to avoid confusion. As I have 
explained above, the n(F) curves show the way in which the electrons 
are distributed over the ranges of energy concerned. Now in a metallic 
crystal there is a large number of possible electron states, and we shall 
deal with some of these later on. At the absolute zero an assembly 
of JV electrons will then occupy the lowest electron states, each 
occupied state containing two electrons — one of each spin. For many 
purposes it is therefore of importance to know how the electron states 
are distributed over the various energy ranges. 

OM: But don’t the electron states just go up regularly with in- 
creasing energy? 

YS: Oh, no! That doesn’t follow at all. There may be certain 
ranges of energy for which energy states are not possible. 

OM: We seem to want a curve corresponding to that of Fig. 35, 
but referring to electron states. 


133 



electrons, atoms, metals .and allovs 



Rg. 36 

YS: You’re right, and for tliis purpose we may define N{E)(IE as 
the number of electronic energy states with energies in the range E 
and [e + dE), and we may then plot N{E) against E. In this way we 
obtain a curve showing how the electron states are distributed over the 
various ranges of energy, just as the n{E) curves showed how the 
actual electrons were distributed over the various ranges of energ^y. 
The condition of affairs at the absolute zero may then lie represented 
by shadin g the area of the occupied states. For example, the M{E) 
curve of Fig. 36 would show that on increasing the energy, the number 
of energy states per unit volume of the metal at first increased with 
increasing energy, rose to a maximum at the point A, and then sank 
to zero between B and C, and finally increased again. This would mean 
that there were no states with energies in the range EG, but that there 
were energy states on either side of this range. The shaded areas which 
terminate in the vertical line DF mean that the number of electrons 
present Is at the absolute zero sufficient to fill all the energy states up 
to the limit E —F. 

OM; If the occupied states each contain two electrons, then except 
for a factor of 2 in the vertical axis, the n{E) curve at the absolute 
zero will be the same as the J^{E) curve up to die point D and termi- 
nated by the vertical line DF, Is that right? 

YS: That’s right. 

OM: Then how does the N{E) curve show the condition of things 
at higher temperatures? 

YS; The N{E) curve shows the distribution of electron states over 




electron distribution curves 

the energy ranges concerned. It is only at the absolute zero that 
there is a sharp division between the occupied and the unoccupied 
states, and so it is only at the absolute zero that the M{E) curve can 
indicate the occupied states by means of a shaded area terminated 
by a vertical line. At higher temperatures the condition of affairs 
is represented by the n{E) curve. Many of the books used the symbol 
N{E) indiscriminately for what I have called n{E) and J^{E), and 
that is why I deliberately distinguished between the two. 

OM: Is there any simple relation between the form of the N{E) 
and n{E) curves and the energy of the electrons? 

YS: Most of the theories of metals were developed first for condi- 
tions at the absolute zero. We may adopt this policy ourselves, and 
can therefore deal with the Jf{E) curves, and shade the area of the 
occupied states. 

OM: So far you have drawn sketches of the JV(J 5 ) curves, but are 
these purely theoretical or have they any experimental basis? 

YS: Speaking generally, each crystal structure gives its own charac- 
teristic JV'(£) curve, and these have been calculated for some structures. 
On the experimental side the n{E) curves for many metals have been 
determined by the methods of soft X-ray spectroscopy. In general, 
theory and experiment are in good agreement, and what may be 
called the science of N(,E) curves is on a satisfactory foundation. 

OM: I’m afraid I don’t see how the form of the W(£) curve will 
come from the soft X-ray spectrum. Can you give an example? 

YS: Let us suppose we have a metal for which the n(E) curve of 
the valency electrons has the form shown in Fig. 34. Then most of 
the valency electrons will have energies in the region of the maximum 
at B, Now suppose the metal to be excited by electron bombardment, 
so that electrons are expelled from one of the inner electron shells of 
the atoms. Then an emission spectrum will result if electrons drop 
back from the valency band to the inner shell. This, as you pointed 
out before, (page 127) will mean that there is an emission band, because 
the valency electrons liave not one constant energy but energies 
extending over a range. You can readily see that since most of the 
valency electrons have energies in the region of B, there will be a 
greater probability of an electron with this energy falling back into 

Fig, 37 — Electron distribution curves de- 
duced by Skinner from the soft X>ray 
spectra of sodium, magnesium and 
aluminium 

In Uds figun the abscissa represents energies and are 
analogous to the abscissa of Figs. 34.-35. The quantify 
I(E)lv’ on the vertical axis of Fig. 37 may to a rough 
approximation be regarded as the eqidoalent of n{E) in 
Figs. 34 and 35 

[From PUL Ttans. Poyal See., IS40, 8oi, is 
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the inner shell than there will be for a valency electron witli an energy 
in the region where the n{E) curve is low. Now the frequency of the 
emitted radiation is always given by the equation 

hv = AE 

where AE is the change in energy. So you can see that by studying 
the variation of intensity over the different frequencies of the emission 
band, it is possible to arrive at the form of the w(£) curve. 

OM; Do you mean that the JV(£) curve is simply a repetition of the 
intensity distribution across the emission band ? 

YS : In a rough way, yes, but there are a lot of complications in 
unravelling the experimental data, so that it isn’t a simple question 
of a direct proportionality. But you need not bother about these 
details, and Fig. 37 shows some of the n(E) curves deduced by Skinner. 
You will see that for the univalent alkali metals the n(£) curves are 



Fig. 38(a) 
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relatively simple, but that the curves for the elements of higher valency 
contain peaks and valleys, and are clearly more complicated. 

OM: From what you said before the width of the n{E) curve is of 
the order i-io electron volts, as this was the width of the band (page 
129). Now if the temperature is raised, by how much does the head 
of the n{E) curve depart from a vertical line? 

YS: At room temperatures the diffuse head of the band is of the 
order of a few tenths of an electron volt. Fig. 32, which is due to 
Skinner, shows how the head of the band becomes more and more 
diffuse as the temperature is raised. 

OM: From the definition of J^{E) it seems that if all the electron 
states are fully occupied up to a limiting value the total energy 
of the assembly will be equal to 

EflUIX 

sJe. JV(£)dE 

0 

whilst the total number of elections will be equal to twice the shaded 
area in Fig. 36, that is 

Emax 

a fj^{E) dE. 

0 

YS: That is quite right and it follows that the more steeply the 
JV(F) curve rises, the lower the energy of a given number of electrons. 
This is really only commonsense, as you can see from Fig. 38, where 
I have drawn two M{E) curves, one steep and the other flat. The 
shaded areas are equal to one another, and so they correspond with 
an equal number of electrons. You can readily see that the condition 
of affairs represented by Fig. 38(a) will correspond with a much lower 
energy than that represented by Fig. 38 (i). In Fig. 38(a) no electron 
has an energy greater than E = A, whereas in Fig. 38 (fr) the occupied 
states go all the way up to £ = fi. 

OM: This is very interesting, but I’m afraid I find it all rather 
confusing. What has it all got to do with practical things like alloy 
structures ? 

YS : I’ve already told you that each type of crystal structure gives 
rise to a characteristic J^{E) curve. Now suppose for the sake of 
argument that we could calculate the N(E) curves for two particular 
crystal structures A and B, and could show that A gave the M{E) 
curve of Fig. 38(a), and B the curve of Fig. 38(6). Then so far as the 
energies of the electrons were concerned, we could say that structure A 
could accommodate a given number of electrons with a lower ener^ 
than structure B. We could then argue that as far as the electronic 
energy was concerned A would be a more stable structure than B. 
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OM: Do you mean that from a knowledge of the N{E) curves we 
m predict which structures are stable? 

YS: From a knowledge of the Jf(E) curves we can estimate how 
le type of crystal structure affects the energies of a given number of 
cctrons. The total energy of the crystal may involve other factors, 
ut in some cases the electronic factor is predominant and the JV(2!) 
irves lead to a quite straightforward explanation of why particular 
ructures are stable in some alloys and not in others. 

OM; This all sounds most exciting. 

YS : You’re right. It’s one of the triumphs of the electron theories 
lat they do lead to calculations of this kind. 



20— Free Electron Theory ; Electrons in A Box 

O lder Metallurgist: The work on soft X-ray spectroscopy is 
certainly most interesting, but it doesn’t seem to tell us anything 
about the way in which the atoms are held together in metallic crystals. 

Young Scientist: If we deal with the metals of Groups I and li- 
the alkali and alkaline earth metals, copper, silver, gold, zinc, cadmium 
and mercury— the general picture of the cohesion process is fairly 
simple, and we may look upon the metallic crystal as an array of 
positively charged ions held together by the valency electrons. 

OM; Do you mean that the positive ions occupy the points of one 
lattice, and the electrons the points of an interpenetrating lattice, so 
that there is a lattice of electrons? 

YS: No. An electron lattice theory was at one time advanced, but 
it is now realised that the concept was wrong. The valency electrons 
are continuously moving about within the crystal, and so serve to 
hold the ions together. You may if you like regard the metal crystal 
as an immense molecule in which the valency electrons are in con- 
tinuous circulation, and so bind the atoms or ions together, The 
problem of metallic structure is thus a problem of how the electrons 
will behave under these conditions. 

OM; It must be very complicated, and I hope you can simplify it 
as much as possible. 

YS: Tliat is the way in which the problem was actually approached, 
and the first theory which we shall consider is the so-called free electron 
theory. In this theory, the structure of the crystal is ignored com- 
pletely, and we regard the metal as an assembly of electrons in an 
empty box, surrounded by potential walls which prevent the electron 
from escaping. 

OM: That seems to me to be entire nonsense. A crystal of a, metal 
has a definite regular arrangement of its atoms, and any theory which 
ignores this must surely be so far removed from the truth as to be 
worthless. 

YS: What you say is only partly correct. The electron-box, or 
free electron theory, is liy its very nature quite unable to deal with 
any properties which involve direction relative to crystal axes. As 
we shall learn later it is, however, quite a good approximation to the 
state of affairs in the alkali metals, although it cannot legitimately be 
applied to other metals. But quite apart from applications to actual 
metals, the free electron theory is of great importance in two ways. 
In the first place it shows us that, according to the new theories, an 
assembly of electrons in an empty box, at concentrations equal to 
those in a solid metal, will have some properties entirely different from 
those predicted by the older theories. Some of these differences apply 



electrons, atoms, metals and ALT.nVS 

also to the behaviour of electrons in an actual crystal lattice, and the 
free electron theory is the easiest way by which these characteristics 
can be appreciated. 

In the second place, even in cases where the free electron theory 
cannot really be applied, it often provides a convenient approximation 
against which the complexities of the move complete theories can be 
viewed. As we shall see later, the behaviour of electrons in an actual 
crystal lattice is often very difficult to visualise, and in many cases a 
comparison with their behaviour in an empty box is the easiest way 
to appreciate what is happening. 

OM; I must say I think it all sounds very suspicious, but let’s see 
how you begin. 

YS: What is done is to assume that the electrons are contained in a 
cubical enclosure, of side i, and volume V = I?, surrounded by high 
potential walls which prevent the electrons from escaping. If one 
then takes a cross-section parallel to the side of the cube, the condition 
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Fig- 39 

of affairs can be represented by a potential diagram of the type shown 
in Fig. 39. 

OM; You said before (page 130) that the energy (jf the valervcy 
electrons in a metal was of the order i to 10 electron volts, so that IV 
in Fig. 39 must, I suppose, be of this order, because metals emit electrons 
fairly easily. 

YS : Yes. If we call the potential of an electron in free space zero, 
then the potential inside a metal is of the order —5 to — 10 volts, so that 
W^in Fig. 39 is of this magnitude. 

OM : Then do you mean that in the free electron theory we are to 
regard a number of electrons as being introduced into the cube of side 
L whose potential boundaries are shown in Fig. 39, and that this 
process is to be continued until the number of electrons per unit 
volume is the same as the number of electrons per unit volume in 
sodium? 

YS ; That’s right. 

OM ; It seems to me that the whole thing is absurd because, as you 
introduce more and more electrons, you will build up an enormous 
negative charge. 

YS; I’m sorry. I should have said that when you introduce the 
electrons into the box you must imagine that you add a corresponding 
amount of positive electricity, so that the whole assembly is electrically 
neutral like the assembly of electrons and ions in a crystal. The free 
electron theory really imagines the electrons to move in a field of 
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unifor m potential with positive electricity distributed uniformly 
throughout the box to just the density required in order to keep’ the 
whole electrically neutral. We have now to consider how to describe 
an assembly of electrons of this kind. 

OM: The description must surely be impossibly complicated if there 
are lO*® electrons in the assembly. 

YS: That is perfectly true, and so we have to learn to think in terms 
of the assembly as a whole, that is, to think statistically. We may 
begin by considering the older viewpoint, and imagine that we have 
an electron in the box. Then in the older theory we could at any 
instant describe the condition of die one electron by stating that it was 
at a position (x, j», z) relative to axes parallel to the sides of the cube, 
and that the components of its momentum parallel to these axes were 
(Ai co-ordinates (x, j)>, Zt Aj Py> A) would 

describe the conditions of the one electron, and we could say that the 
condition of the electron was described by one point in a six-dimensional 
space, the so-called molecular phase space. The term six-dimensional 
space need not worry you. It is onjy a convenient way of saying that 
six quantities have to be specified in order to describe the condition of 
the electron at any instant. 

OM: Even so, you have so far described the condition of only one 
electron whereas actually there is something like lo® of them. 

YS : In the older theory the condition of the assembly of N electrons 
could then be described Ijy stating the values of x, y, A> A’> A 
for each electron, and we could say that at any instant the condition 
of affairs was represented by the distribution of jV points in the six- 
dimensional molecular phase space. 

OM; I’m afraid I find this continual reference to six dimensions 
very confusing. Can’t you simplify it somehow? 

YS: For some of our purposes we can reduce it to three, dimensions 
by dealing with what is called a momentum diagram. Let us suppose 
that we have an assembly of JV electrons in a cubical box of side L, 
and volume V = L®. We may now construct a diagram such as that 



Fig. 40 — ^To illustrate momentum space 
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of Fig. 40, in wlaich tlie axe.s arc parallel to the sides of the cube, and 
may use this diagram to indicate the components of the momentum 
(pn Py} Pi) parallel to the three directions. Thus a point such as P 
in Fig. 40 would indicate that the electron concerned had components 
■ of momentum = a, py = b, py = c, and a total momentum equal 
to the length OP, and in the djrection of OP. In this way one point in 
the so-called momentum diagram would indicate the magnitude and 
direction of the momentum of the electron concerned. Similarly, for 
an assembly of JV electrons, an assembly of Pf points — one might call 
it a dust of points — ^would indicate the momentum of the jV electrons. 

OM; That kind ofdiagramdoesn’tseem to tell the wholestory. Itonly 
gives the momentum of each electron, and not its position in tlte box. 

YS: That’s perfectly true. The momentum diagram by its very 
nature describes only the momenta. If you want to describe the 
positions of the electrons as well as the momenta, you must go into 
six dimensions. If we use the momentum diagram, and introduce 
JV electrons into our box of volume V — I?, then the momentum of 
the assembly at any instant can be indicated by the distribution of M 
points in the momentum diagram. Let us look at the matter from the 
older viewpoint, and suppose that we have six electrons in the box, 
and that at a given instant their momenta are represented by the six 
points in Fig. 41 (a). This would indicate a state of affairs in which 
the total energy was low because the points are near to the origin, 
and the momenta are small. The state of affairs represented by Fig. 
41(6) would represent a higher energy because the points are farther 
from the origin, and the momenta and hence also the velocities and the 
kinetic energies of the electrons are higher. In a piece of metal of 
ordinary size, say i c.c., there will be something like lo**® electrons, 
and you must imagine a cloud or dust of to'’*® points in the momentum 
diagram, and the distribution of this du.st as a whole will indicate some 
of the characteristics of the assembly. 

OM; Does the representative point of any one electron always stay 
at the same place in the momentum diagram? 
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YS: Oh no! Each time the motion of an electron changes (for 
example, by its hitting the walls of the box or by its coming under the 
influence of another electron) the representative point in the momen- 
tum diagram undergoes a corresponding change. But if you consider 
the equilibrium distribution of the dust of points as a whole, it will 
not be appreciably affected by these individual changes. The statistical 
meWod means that you think in terms of the assembly as a whole, and 
ignore the individual changes. 

OM; Well, if you do use momentum diagram like this, I suppose 
the dust of points will move continually towards the origin as the 
temperature falls. 

YS: That was what happened in the older theories which were based 
on the classical gas laws. In these theories the energy of the assembly 
was proportion^ to the absolute temperature, and if the temperature 
were gradually lowered, the dust of points crowded towards the origin, 
so tliat at the absolute zero the dust of points was congregated with 
infinite density at the origin, that is the momentum of each electron 
was zero, and the total energy was zero. 

OM; Why do you keep on saying “ tltc older theories ”? Surely 
this is all straightforward and general? 


YS: There I am afraid you are wrong, and you have forgotten . 
what I said before when we discussed Heisenberg’s Principle. 

OM : You don’t mean to say that Heisenberg is going to bother us here ! 

YS: Most certainly I do. You can never escape from Heisenberg’s 
Principle. 

OM: But how can it alfect the way in which we describe a dust of 
points in a momentum diagram? 


YS: You have forgotten that we are dealing with a theory in which 
we assume that we introduce electrons into a cubical box, of side L 
and volume V — L?. Since the electron is confined to the box, there 

will be an uncertainty in tlie momentum of at least ^ for each of the 

three components of momentum. We arc no longer entitled to think 
of a point in the momentum diagram — this would be justifiable only 
if the position of the electron were completely indeterminate, and in 
this case it would not be confined to the box. 

Fortunately, this does not mean that the idea of a momentum 
diagram has to be discarded. If we look on the matter in a very simple 
way — ^it is not quite the whole story but it is a justifiable simplification 
for our purpose — we may say that the momentum diagram may be 

regarded as divided up into a number of little cells each of side j, and 

/i® /i® 

volume ja ~ y' readily see how the size of the cells is 

related to Heisenberg’s Principle — ^if the electron is known to be 
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P* 


Fig, ^ To Ulnatrate the momentum diagram of the quantum 

theories 

The momtnlwn space is divided into little celts of 

side r> and volume 
L L? 


within the cube of side L, there must be an uncertainty of at least ^ 

in each component of the momentum, and we cannot define the 
momentum more precisely than by saying it is associated With a cell 

of volume -p.in the momentum diagram. The whole of the momentum 

A® 

diagram is to be regarded as built of adjacent cells of volume y, and 
each of these little cells represents an energy state (Fig. 42). 

OM ; In view of the small value of h, the difference between adjacent 
cells must surely be exceedingly minute unless the box is only of the 
order of a few atomic diameters ? 


YS: That’s perfectly true. For a piece of metal of ordinary size 
the cells in the momentum diagram are so small that they may be 
treated as a continuum — this is really not quite the whole story, but it 
will do for our purpose. 

OM; In that case I don’t see that there is much difference between 
the old and new views. There will be just a little uncertainty as to 
exactly where the representative point of the electron is in the momen- 
tum diagram, but o&erwise we can go on as before. 

YS : What you say is more or less correct at very high temperatures, 
but you haven’t yet thought out what will happen eis you cool the 
metal down to the absolute zero. 

OM: That seems easy enough — the dust of points will just contract 
towards the origin as in the older theory. 
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OM: What Pauli’s Principle to do with us here? We are not 
oreSSons a whole ass^J?; 

YS: The assembly of electoons in the box constitutes a system and 
this system has a number of possible energy states which^re re^ 

sented by the little cells, each of volume in the momentum diagram. 

Pauli’s Principle applies to this system just as it applies to the system 
of electrons in an atom or molecule. Consequendv each elerTn?^ 
.Utt of the .y.Km of doom„,s i„ U.e 
most two electrons — one of each spin. 

OM: That will mean that in the momentum diagram there cannot 

be more than two representative points in each Uttle cell of volume -. 

doS'iSe iSduTz™!"'’'" 

OM: Oh! I see! You mean that as there cannot be more than 
two representative points in any one ceU. the dust of representative 
points will no longer be able to contract to the origin of the momentum 
diagram because this would mean more than two points in each of Sc 
cells near the origin ? r me 

YS: That’s right, 

OM: Surely that’s absurdj because the energy of the electrons 
must be zero at the absolute zero? 

YS: That is the great difference between the old and the new 
theories. In the old theory of electrons, the energy of the assembly 
at the absolute zero was zero. In the new theories Pauli’s Princinle 
means that at the absolute zero, an assembly of W electrons occupies 

the — lowest energy states, that is, 2 electrons per occupied state. 

The assembly thus possesses kinetic energy at the absolute zero and 
this energy is considerable and can be calculated quite easily Let 
us return to the momentum diagram, built up of little cells of volume 
A® 

y. Then at the absolute zero the dust of representative points for an 

assembly of JV electrons will occupy the ^ lowest energy cells, and all 

the remaining cells will be unoccupied. You can readily see that the 
volume of momentum space containing occupied cells will be 
W ^ _ JVA* 

3 ^ F~9V 

Now we have to think which part of momentum space will contain 
the occupied cells. 
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At il\e absobtlt w», an assembly of electrons occnpits the — loieesl electron states. The 

occupied states ttm form a sphere round the origin qf the momentum diagram. At the absohite 
VTo eoery state within this sphere is fully oecupie^ and^ contains two electrons, one of each s^in, 
wMIrt tfw slates of higher energy ore imocc^ied. There is thus a sharp surface, the Permi siaface, 
in the momentum diagram, and this surface separates the unoccupied end occupied slate.s 


OM: Oh, well, that’s easy — ^the occupied cells will be those of 
lowest energy, that is, those nearest the origin. 

YS: That’s right The lowest energy will clearly correspond with 
a symmetrical filling up of the stato round the origin of the momentum 
diagram, and the occupied states will form a sphere round the origin 
of &e diagram. The surface which bounds the occupied states is often 
called the Fermi surface, I’ve drawn this sphere in Fig. 43 and if we 
use the symbol for the momentum of the highest occupied state, 
the radius of the sphere will be equal to pmax> ^.nd the volume of the 

sphere will be given by the usual equation = ^rrffimax- 

We have already seen that the volume of occupied states is equal to 

and consequently 

= § 

Now the kinetic energy i- mM* is equal to — . 

a 2m 
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kinetic energy of the electron in the highest occupied state, which we 
may denote by E^ax, will be given by 



You will see, therefore, that at the absolute zero an assembly of JV 
electrons in a box of volume V will have kinetic energies extending 
over a range from the almost zero value of the lowest state to the value 
Umax given by the above relation. You will also note that Emax 


JV 


depends not on JV, but on -y and consequently it is independent of the 


size of the piece of metal. If we double the volume F of a piece of 
metal, we also double the number of electrons which it contains, and 

so y remains constant. You can see, therefore, that in spite of the 


simplicity of our box model, it has satisfied the first requirement of 
the soft X-ray spectroscopy, because it requires the energies of the 
electrons to be spread over a range which increases as the volume 
decreases. Not merely is this requirement satisfied, but the magnitudes 


JV 


are reasonable — ^if you calculate ^ for sodium using the known value 


of the density, and assuming one free electron per atom, you obtain 
^mmt ~ 3- 1 6 s», and this is a reasonable value. Apart from this, 
a very simple extension of the above argument shows that at the 



Fig, 4^ — The N(E!) curve of the free electron theory 

Tins N{E) curve is a parabola in which JV(B) varies as 
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absolute zero, the total kinetic energy of an assembly of JV electrons in 
a box of volume V is equal to 

5 

and so the mean kinetic energy per electron is 



It is quite easy to show that the J/'i-B) curve is given by the relation 


where the symbol h is used as an abbreviation for - 


aw. 


This means that JV(£) oc B*, and the relation between J\f(B) and E 
■ is of the form shown in Fig. 44. You will see that this is of the general 
type indicated by the methods of soft X-ray spectroscopy for the 
alkali metals, and the calculated values are in reasonable agreement 
with the facts for sodium, potassium, rubidium and caesium. For 
lithium the ^(B) curve is of the same general parabolic form, but the 
constant of proportionality is not in such good agreement with the 
simple theory. 

You will see, therefore, that in spite of the great over-simplification 
of the free electron theory, it has already led us much farther than 
might have been expected. We have obtained a model in which the 
electronic energies extend over a range which is of the right magnitude, 
and which increases as the volume decreases. We have obtained 
an 7 V(£) curve which is of the form observed experimentally for the 
alkali metals, and a clear indication that an assembly of electrons at 
the densities found in metals behaves quite differently from an assembly 
obeying the classical gas laws. The first developments of tlie free 
electron theory were due to PavJi and were concerned with the para- 
magnetism of the alkali metals to which we shall refer later (page 239). 
In 1928 the theory was extended in many directions by Sommerfeld, 
whose work is one of the great landmarks in the history of the theory of 
metals. The Sommerfeld theory was admittedly much too simple, but 
it indicated very clearly the distinction between the behaviour of an 
assembly of electrons at the densities found in metals, and of a classical 
gas. This distinction is so important that we shall have to examine 
it further. 
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21— The Free Electron Theory and the Electronic 
Specific Heat of Metals 

O LDER Metallurgist: IVe been thinking over what you said last 
time, and it seems to me that this theory of electrons in empty 
boxes is altogether too simple. Perhaps you will explain how far I 
ought to take it seriously. 

Young Scientist: As I have emphasised, the free electron theory 
is a valid approximation only for the alkali metals, and even for these 
a more detailed theory is often desirable. On the other hand the line 
of argument which leads to the conclusion that at the absolute zero 
of temperature the electrons will have energies extending over a range 
is quite general and applies to the more complete theories. In the 
free electron theory the possible electron states may be visualised as 

giving rise to the little cells of volume in the momentum diagram, 

and at the absolute zero the assembly of jV electrons occupies the — 

lowest energy states which form a sphere round the origin of the momen- 
tum diagram. In the more complete theories, wave mechanics indicates 
more complicated energy relations which we shall consider later, but 
in these theories it is again Pauli’s Principle which prevents all the 
electrons from entering the lowest state at the absolute zero, and 

JV 

requires them to be spread over the — lowest states. , 

OM: Now you have mentioned wave mechanics, and that brings 
me to another point on which I have been in doubt. Your description 
of the free electron theory did not refer to wave mechanics at all, 
but is the theory really somehow connected with wave mechanics ? 

YS: Oh, most certainly yes! Wave mechanics can be applied to 
the motion of an electron in a box, just as it can be applied to other 
types of electronic motion. If we imagine one electron to be in a cubical 
box, then the potential is constant within the box, and rises sharply 
at the boundaries. Since the electron is confined to the box, the most 
natural assumption to make is that iji vanishes outside the box. The 
solution of the Schrodinger equation which satisfies the above condi- 
tions is then of the form 

ifi = sin sin sin 

where 4, 2g arc positive whole numbers, and the sides of the cube 
are of length L, and are parallel to the x, y, and z axes. Each 


149 



electrons, atoms, metals and alloys 

ci>Tnbi"?tinn of 2 i, Ja, and Zg corresponds -with a stationary state, and the 
corresponding enei^y values are 

E = -W + -V 

The zero of potential energy is that of an electron at rest outside the 
metal, and - fK is the potential inside the metal. These energy states 
are the same as those which we discussed in connection with the 
momentum diagram on page 144. 

OM: That suggests that the electrons can only move in certain 
ways inside the box. 

YS; Yes, only certain types of motion are possible if the electron 
is to exist in a stationary state. The phenomenon is roughly a three- 
dimensional analogue of the possible vibrations of a stretched string. 
If a steady tone is to be produced, the wave lengths of the vibrations 
of a stretched string must be simply related to the lengtli of the string, 
and we may say that the vibrational waves fit nicely into the string, 
In the same way in the problem of the electron in a box, the above 
equations represent ^ patterns which fit nicely into the box, and form 
acceptable solutions (see page 69). In this way wave mechanics leads 
to the rdationa we discussed in the last chapter. 

OM; That’s all very well if you are describing one electron alone, 
but with an assembly of electrons surely things must Ijcconie immensely 
complicated, because when two electrons approach one another there 
will be a mutual repulsion. 

YS: Your objection is quite reasonable, but more detailed calcula- 
tions have been made, and these have shown that for the alkali metals, 
where there is only one valency electron per atom, the simplifying 
assumptions of the free electron theory do not produce any very great 
error. 

OM: Even so, it seems to me that the theory is not of much value 
if all this discussion refers to the absolute zero. 

YS; The theoiy for the absolute zero is only the first stage, and it 
is in fact by indicating what may be expected when the temperature 
is raised that the free electron theory has achieved one of its most 
outstanding successes. Suppose that Fig. 45 represents the momentum 
diagram of a hypothetical two-dimensional metal, and that the circle 
represents the limit of the occupied states at the absolute zero. We 
use a two-dimensional model for convenience in drawing — the model 
for an actual metal would of course be three-dimensional, and the 
occupied states would form a sphere. Now see if you can say what 
will happen when the temperature is raised slightly above the absolute 
zero. 

OM; That’s simple enough. All tlie electrons will be excited into 
faster motion. 
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Fig. 45 


YS : That is what happens to the molecules of an ordinary gas, but 
the behaviour of the electron gas is very different. You will under- 
stand that if one starts witli a gas at the absolute zero, and raises the 
temperature slightly, the probability of a gas particle of energy being 
excited to a state of energy diminishes rapidly as — Ej) in- 
creases. In other words large increases in the energy of a gas particle 
are very improbable. Now suppose we return to Fig. 45 and consider 
an electron in a’ state of low energy such as that represented by a in 
Fig. 45. Then what will happen when the temperature is raised 
slightly? 

OM: The electron will be excited into a state of slightly higher 
energy, that is, a state which is a little farther from the origin than a. 

YS : That’s where you have gone wrong, and you must think more 
carefully. All the energy states near to a arc fully occupied, and since 
Pauli’s Principle prevents a state from containing more than two 
electrons, the electron in state a cannot be excited into a neighbouring 
state. The only possible excitation is one which would carry the 
electron to a state outside the shaded circle in Fig. 45, and this would 
mean such a large increase in energy that the possibility of its occur- 
rence is very small. The conclusion is therefore that an electron in a 
low energy state such as a cannot be excited by a slight rise in tempera- 
ture above the absolute zero. 

OJil: But surely that’s absurd? Increase in temperature must mean 
that the electrons move about faster. 

YS: That is what everyone thought until the arguments based on 
Pauli’s Principle were carried to their logical conclusion. In the older 
theories of electrons based on the classical gas laws there were no 
restrictions, and as the temperature began to rise above the absolute 
zero any electron could be thermally excited by a small amount. 
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But in the new theories based f«\ Pauli’s Principle, the first rise in 
temperature above the alDSolute zero cannot aHect the electrons in low 
energy states, for the reasons I have just explained. On the other 
hand, electrons in states near to the Fermi surface can undergo excita- 
tion into states of slightly higher energy because there are unoccupied 
states available, namely the states just outside the shaded circle in 
Fig. 45. The conclusion is therefore that the first rise in temperature 
above the absolute zero affects only the electrons with energies near 
to ^mox- 

OM: Do you mean that if an electron is in a low energy state- 
say the state a in Fig. 45 — it remains in that state indefinitely? That 
seems impossible because the clectran would always be moving in the 
same direction and would have to escape from the box. 

YS: I’m afraid you are getting muddled. The statistical method 
of description does not preclude an interchange so that a condition 
of aflTairs in which an electron — let us call it electron No. i — in state 
A and an electron No. s in state B interchange so that No. 3 is in state 
A and No. i in state B. This kind of interchange is always going on, 
but, since electrons are completely indistinguishable, such interchanges 
have no effect on the properties of the assembly as a whole. Some 
people would say that it was meaningless to talk of such interchanges 
because there is no conceivable method by which they could be de- 
tected. The thermal excitatioas to which we have referred result in 
the exciting of the electron into a new state so that the properties of 
the assembly are altered. 

OM; So it amounts to saying that the first rise in temperature 
above the absolute zero affects only the electrons with high energies? 

YS: That’s right. The electrons with energies near to E„uix can 
undergo slight excitation into the neighbouring unoccupied states, 
and this is what happens as the temperature is raised above the absolute 
zero. You may if you like say that the Fermi surface which bounds 
the states occupied at the absolute zero becomes diffuse as the tem- 
perature is raised — there is no longer a sharp boundary between 
occupied and unoccupied states in the momentum diagram. 

OM : Then as the temperature is raised higher and higher, more and 
more electrons will be excited. 

YS; Yes. That effect may be shown by a diagram such as that 
of Fig. 46. In this description we denote the probable number of 
electrons in a given state by a/, where f is the so-called Fermi distribu- 
tion function — the statistics which are based on Pauli’s Principle are 
generally known as the Fermi-Dirac statistics. In this case ifjf = i, 
= 8 and the state is fully occupied, and contains two electrons, 
one of each spin. 

At the absolute zero, all the states up to Emax fully occupied, 
whilst all' those with higher energies are unoccupied. Consequently 
the condition of affairs may be represented by curve No. i of Fig. 46, 
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Fig. 46 — To illustrate the Fermi distribution function 


where / = i for all states up to and/ = 0 for states of higher 
energy. 

At a somewhat higher temperature the corresponding distribution 
curve has the form of curve No. 2 in Fig. 46, whilst curve No. 3 
refers to a very high temperature. These curves show that there is 
now a probability that states beyond Emax are occupied; this proba- 
bility becoming smaller with increasing energy. Since the total 
number of electrons is constant, the states just below Emax will no 
longer be fully occupied, and you will see that for these states /is now 
less than i. In curve No. 2 the electron states of lower energy arc still 
fully occupied, this being the result of the Pauli Principle which we 
have just discussed (page 151). 

OM; It seems to me that the new theory is only worth worrying 
about near to the absolute zero, and that I need not bother myself 
too much about it. I can quite see that at very low temperatures 
the effects resulting from the Pauli Principle mean that the electron 
gas has properties quite different from a gas obeying the classical 
gas laws. But as soon as an appreciable number of electrons have been 
excited, the two pictures will surely be much the same ? 

YS: You are quite right in saying that if the temperature were 
high enough for all the electrons to be excited, there would be little 
difference between the old and the new theories. But you are wrong 
in suggesting that this condition of affairs exists at room temperatures. 

OM: Surely room temperature is sufficiently far above the absolute 
zero for all the electrons to have been excited ? 

YS: No. As we have just seen, the electron gas near the absolute 
zero has properties quite different from those of a classical gas. At 
these low temperatures the electron gas is said to be degraded or 
degenerate — the German word for the phenomenon is Entartmg. As 
the temperature is raised the degeneracy is gradually removed, 
but a more detailed examination shows that owing to the small mass 
of the electrons, a gas of electrons at the densities found in metals 
remains almost completely degenerate for many hundred degrees 
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above the absolute zero. The condition for almost complete de- 
generacy is that 

where JV is the number of electrons in volume V, m is the mass of an 
electron, k is Boltzmann’s Constant,* and 6 is the absolute temperature, 
and it is owing to the small value of the electronic mass that the 
electron gas is almost completely degenerate at room temperatures. 

At a sufficiently high temperature and low density the electrons 
will behave like a classical gas. The conditions for this, that is the 
condition for the almost complete removal of degeneracy, is that 

^ {iTrmkd)-^ < I. 

At the electron densities found in metals the electrons would only 
behave like a classical gas at temperatures of several thousand degrees 
Centigrade. You will see from the above expression that the degeneracy 
will be removed more quickly if the electron density (the number of 
electrons per unit volume) is small, and in some problem.? of electronic 
emission we do in fact have a condition of affairs in which the electrons 
inside the metal behave like an almost completely degenerate electron 
gas in equilibrium with a gas of electrons outside the metal, this gas 
being so dilute that it may be treated as a classical gas. 

OM; All this is very strange, and it would seem that if the electron 
gas in a metal — ^using your simplified model with which I don’t agree — 
is almost completely degraded at room temperatures, then all the 
energy relations must be different from those of a classical gas. 

YS: That’s perfectly correct. In Fig. 47 the full curve shows the 
energy of the electron gas as a function of the temperature, whilst 
the dotted line shows the corresponding energy according to the 
classical laws where the energy was directly proportional to the 
temperature. You will see that at room temperature where the electron 
gas is degraded, the curve is almost horizontal. 

OM : Surely that must be wrong — ^it would mean that tlie electron 
gas had no specific heat, because tire specific heat is proportional to 
dE , 

and is thus zero for a horizontal curve. 


YS; That’s just the point. To a first approximation the specific 
heat of an electron gas in a metal according to the new theories is 
almost zero. This is one of the great triumphs of the new electron 
theories. All the older theories based on a classical gas of electrons 
required the electrons to have the specific heat of a normal gas, and 
this was in contradiction to the facts which indicated that the specific 

* The equation of a perfect gas is usually written pe = RB, where the gas constant 
K refers to one grarn-molecule. The corresponding equation for a single molecule 
IS po = he, where ft is Boltzmann's Constant. 


154 



ELECTRONIC SPECIFIC HEAT OF METALS 



[Fram “ T/« Milallic Stale," Himt-Balkiry. Clarendon Preii 

Fig* 47 — illustrate the relation between the energy and 
temperature of an assembly of electrons according to the 
free electron theory based on the Fermi-Dirac statistics. The 
dotted line shows the relati<m according to the classical 
theory 


heats of metals could be accounted for by considering the atomic 
vibrations alone. The new theories have overcome, this difficulty 
completely, and we are now able to understand how the existence of 
a gas of electrons can be reconciled with an almost zero specific heat. 

OM : If the curve in Fig. 47 is smooth and continuous there must 
surely be a very small specific heat, as the curve will be exactly hori- 
zontal only at the absolute zero. 


YS: That’s quite right. It can be shown that to a higher degree 
of accuracy the specific heat of an electron gas at low temperatures, 
where it is almost completely degenerate is given by 


Co 


^Emax 


NB. 


This term is proportional to tire absolute temperature, 6 , and at room 
temperatures it is negligible compared with the specific heat resulting 
from the thermal oscillation of the atoms. You will know however 
that the specific heat becomes smaller at low temperatures, and finally 
vanishes at the absolute zero. At very low temperatures the electronic 
specific heat becomes relatively larger compared with the specific heat 
of the lattice, and in some metals it has been found possible to express 
the specific heat near to the absolute zero as the sum of two terms, the 
first of which is the normal specific heat of the atomic vibrations of 
the lattice, and the second is identified as the electronic specific heat. 


OM: Does this apply to the supra-conducting region? 

YS : No. Supra-conductivity lies outside these theories. You should 
also note that many of the transition metals have abnormally high 
specific heats for reasons which we will discuss later. 


155 



ELECTRONS, ATOMS, METALS AND ALLOYS 

OM: That brings me back to the old point. You have talkeH , 
lot about the energy relations and the specific heats of electrons in 
much of it is to be taken as applying seriously to a real 

YS: The general conclusion is correct, and the electrons in normal 
metals have very small specific heats for reasons which are essential 
those I have described. The exact details are modmed ?n Se S 
complete theories, but the general conclusion of the free elertmn 
theory IS sound, and you will see that the theory has led us a long wav 
It has led us to a model in which the electronic energies are spread ovw 
a range which IS of reasonable magnitude, and it has shown how 
the smallness of the electronic heat can be accounted for. ^ 

Suggestions for further reading. 

The reader who wishes to study the Free Klectron Theoi-v In i 

consult the following books: “■ J-neoiy m greater detail may 

TheTluop of the Properties of Metals and Alims, N. F. Mott and W T™.^ /. 

Oxford. This book is advanced, but the reade; shoi^^l succeed b 
ideas as distinct from the mathematics. " lollowing the 

Introduction to Chemical Physics, T. G. Slater. losn MeGritw mil t'i *1 i ■ 
text-book, imd is not intendl-d for easy rcalS It eovL ” w J 

strongly to be recommended. The free electron fheory is dealt 
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22— Electrons in a Periodic Field: Brillouin Zones 


O LDER Metallurgist : I hope we can now get on to the problem 
of how electrons actually behave in the crystal of a metal. 

Young Scientist: That is the next stage in the theory, and it will 
make it clearer if, for a minute, we return to the simple free electron 
theory. You will remember that we there described the condition of 
the electrons by means of a momentum diagram (see page 144). Now 
in the case of free electrons we know that tlie momentum/), the velocity 
u, the mass % and the wave length A associated with the electron are 
connected by the relations 

* h 

P = m = -ir 

where h is Planck’s Constant. You will sec therefore that since the 


momentum is proportional to -1, that is proportional to the wave 


number^ we could equally well have described things in terms of a 
wave-number diagram instead of a momentum diagram. Actually the 
mathematician finds it more convenient to describe things in terms, 


not of the wave number i, but in terms of and this quantity — 

is called the wave number k. We can therefore draw a diagram such 
as that in Fig. 48 in which the three axes A*, ky, A*, represent the 
components of the wave number A in the directions of the x, and z 
axes. The state of the electron will be represented by a small cell 



Fig. 48 — To illustrate three-dimensional ii-space 

The thru axes A*, ky and kg represent die components of the ume number k in the x,y, and z 

directions 
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in this A'Space diagram, just as an electron state was described by a 
small cell in the momentum diagram of Fig. 4a. 

OM: But won’t it be easier if we stick to a simple momentum 
diagram? If tire wave number k is sirajjly proportional to the momen- 
tum mu, it seems an unnecessary complication to make the change. 

YS: What you say is quite right for the free electron theory. In 
this theory the wave number k is directly proportional to the momen- 
tum ttm, where a is the velocity of the electron. When we deal with 
electrons in the periodic field of a crystal, the wave number k is still 

defined by fc = where A is the wave length associated with the 

electron, but k is no longer necessarily proportional to mu. This is 
where the theory becomes more complicated, and you will find it most 
easy to understand things if you regaitl an electron state as Ijeing 
defined by the wave number k. 

OM: I’m afraid I find this is all rather puzzling, and I think it 
would be more easy for me if you could compare what goes on in the 
theory of the crystal with what occurs in the free electron theory. 

YS ; We can do it in that way if you like, and perhaps you won’t 
mind if, for simplicity in drawing, we describe some of the develop- 
ments for a hypothetical two-dimensional metal. This will avoid 
difficulties in perspective, and it will usually be quite easy to see how 
the same principles apply to an actual three-dimensional crystal. 

OM: You mean that just as in your description of the free electron 
theory you' considered electrons as being fitted into a cube of side L, 
we are now to regard electrons as being fitted into a square of side L? 

YS: That’s right. Let us supp(Kic that Fig. 4.9(0) sliows a simple 
empty square into which we are going to inh'oduce electrons together 
with sufficient positive electricity to keep the whole electrically neutral. 
This will correspond with the cubical box of Chapter 80. At the 
same time let us suppose that Fig. 49(6) represents a two-dimensional 
crystal of a square shape. We then imagine that we introduce 



Kg. 49(a) — Shows 
the two.^mcnsion- 
al empty box model 
of the free electron 
theory 



49(b) — Shows 
the corresponding 
model for a two- 
dimensional square 
lattice of atoms 
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iFnm ** Theory of Pnperliex ^ Melals and AltoySt* 

MoU and Jam. Courier of Oitford Univ$rsi(y Press 

Fig. 50 

(a) — Shows the variation of potential along a line passing 

through the centres of the atoms in a crystal 

(b) — Shows the variation of potential for a line parallel to 

the first, but not passing through the atoms 
(o) — Shows the variation of potential at the surface of the 
metal 


increasing numbers of electrons into this two-dimensional crystal, and 
see how their behaviour differs from that of the two-dimensional box 
of free electrons. 

OM : It seems to me that you will have to make some assumption 
about the electropositive charge present in the crystal. Otherwise 
the introduction of increasing numbers of electrons will build up a 
negative charge. 

YS : That’s perfectly right. In the free electron theory we imagined 
that as the electrons were introduced into the empty box, a correspond- 
ing amount of positive electricity was added, so that the whole re- 
mained electrically neutral. In the present theory where we imagine 
electrons to be added to the crystal, we are to imagine that the atoms, 
or more properly the ions, acquire a gradua^^ increasing electro- 
positive charge, so that the whole is electrically neutral. 

For the moment we will merely assiune that the crystal has some 
definite structure, and not consider its details. The electrons will 
tlien find themselves in z. periodic field, which is characteristic of the 
structure concerned. If for example we considered a line passing 
through the centres of the atoms, the potential would vary as shown 
in Fig. 50(a) with a singtolarity at each atomic nucleus. The potential 
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energy of an electron would diminish as it approached a nucleus, just 
as was the case in the hydrogen atom (page 23). If we considered a 
line parallel to this but not passing through the nuclei, the potential 
might vary as shown in Fig. 50(A), whilst Fig. 50(6') shows the variation 
of potential at the surface. We have now to consider how electrons 
will behave in a periodic field of this kind. 

OM: It seems to me that if we consider Fig. 50(a) we shall at once 
have a distinction between two kinds of electron. If an electron has 
sufficient energy to enable it to surmount the peaks in the potential 
curve, it will be free to move through the cry.stal. On the other hand, 
if its energy is too small to enable it to surmount the peaks, it will 
be stuck in a potential hollow — so there will be a clear distinction 
between free and bound electrons. Is that right? 

YS ; No. That is one of the phenomena in which wave mechanics 
leads to conclusions different from those of the older theories. From 
tlie point of view of classical mechanics, what you have said above was 
perfectly right, and an electron could move through the crystal only if 
its energy were sufficiently great to carry it over the peaks in the 
potential -curve. But in wave mechanics, if the width of the peak is 
only of the order of a few wave lengtlis, an electron of low energy has a 
certain probability of penetrating the potential hill. This probability 
falls off rapidly as the width of the potential hill increases, so that for 
large-scale problems there is little difference between the conclusions of 
the old and of the new theories. But in the periodic field of a crystal the 
width of the potential hill is of the order 3A, and this is of the same 
order as wave lengths of the electrons. Under these conditions wave 
mechanics indicates that an electron of low energy has a certain pro- 
bability of penetrating the potential hill, even though its energy 
would not be sufficient to enable it to surmount the hill on the basis 
of classical mechanics. The effect is sometimes called the “ tunnel 
effect,” because if the potential hill is very narrow, the electron has a 
chance of, as it were, burrowing or tunnelling through. You will see, 
therefore, that in the wave mechanics for a periodic field there is no 
sharp distinction between two classes of electrons as you had imagined. 
All the electrons have a probability of moving freely through the 
lattice. 

OM; It seems to me that simplifies things enormously. If all the 
electrons are free to move, we can simply draw a momentum diagram, 
or a wave-number diagram, analogous to that of Fig. 42, and at the 
absolute zero, if we gradually introduce electrons, we shall simply 
fill up the lowest states of the system. 

YS; I am afraid it isn’t as simple as that. Suppose you try to develop 
the argument and see what happens. 

OM: All right, then. Let Fig. 49(a) be a two-dimensional empty 
box, and let Fig. 49(A) be the corresponding two-dimensional crystal. 
Then let Fig. 51 (a) be a two-dimensional wave-number diagram for the 
empty box model; this will be divided up into little cells representing 
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FIk. >ii— T o illustrate the filliug up of electron states in the two- 

' dimensional free electron model at the absolute zero 

With increasing numbers of electrons the occupied electron states lU 

diatneier; in a i/iree-dimensional model the circles would be replaced by spheres 

the energy states as in the free electron theory (page 143). Let Fig. 5a 
be the conesponding wave-number diagram for the two-dimensional 

crystal. 

YS- That will be quite all right. In practice one chooses the axes of 
the wave-number diagram so that diey represent wave motion parallel 
to the two axes of me two-dimensional crystal. Now suppose you 
introduce continually increasing numbers of electrons into the empty 
box model, and consider what will happen at the absolute zero. 

OM: At the absolute zero the assembly of JV electrons will occupy 
the — lowest energy states, and so the occupied states will form circles 
round the origin of the two-dimensional momentum diagram— for a 
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A 



Fig- 53 — ^Hypothetical two-dimeusional crystal 


Pu Pti P>i npreset^ o serits qf parallel atomic planes in the etyslal. The line OA in Fig. 53 
is parallel to the line OA in </i« wave miintier diagram oj Fig. 5a. It is to he emphasised that 
Fig. 5a is a taave-nmnher diagram, whilst Fig. 53 represents the actual crystal 


three-dimensional box there would be a three-dimensional momentum 
diagram, and the occupied states would form a sphere as you described 
before (page 146). So if one introduces continually increasing numbers 
of electrons the occupied states will lie within circles of continually 
increasing diameter as I have drawn in Fig, 51 (t), (r), {d). 

YS: For the free electron or empty box model that is quite right. 
Now what do you propose for the model of the two-dimensional crystal 
(Fig. 5a)? 

OM: You have said that all the electrons are free to move in the 
lattice, and so the procedure will surely be exactly the same? On 
introducing increasing numbers of electrons into the two-dimensional 
crystal they will enter the lowest energy states, two electrons per state, 
and the occupied states will lie within circles of continually increasing 
diameter as in Fig. 51 (6), (c), {d), 

YS : That would be correct if it were not for the wave-like properties 
of the electron. Suppose Fig. 53 represents your wave-number diagram, 
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and that we draw a straight line OA from the origin O. Then all points 
on OA will represent wave numbers in this one direction which 
corresponds to a definite direction in the crystal — ^wc may represent 
this direction in the crystal by the line OA in Fig, 53, which represents 
the actual crystal. 

OM: That’s all right. Then as we introduce electrons into the crystal 
they will fill up the lowest states round the origin of Fig. 52, and tlie 
circle which bounds the occupied states will cut OA at gradually 
increasing distances from the origin. As we introduce more and more 
electrons, the region of occupied states will become larger and larger, 
and the wave numbers k of the highest occupied states will become 
greater and greater, and the corresponding wave-lengths will become 
smaller and smaller. 

YS : That’s right. Now let us return to the direction OA in the 
actual crystal (Fig. 53), and let us suppose that PiP2pa . . . are a set of 
atomic planes in the crystal. Then in the general case an electron 
whose state is described by a wave number on OA in the wave-number 
diagram (Fig. 52) will pass through these planes with only slight 
scattering. But if the electronic wave length satisfies the Bragg equation 

n\ — Q.d sin B 

where 6 is the angle made between the X-ray beam and the reflecting 
planes of spacing d, and n is a whole number, then a strong reflection 
takes place, and the electron cannot travel through the lattice. You 
can readily see this by considering a beam of electrons shot at a 
crystal from outside as in Fig. 54. In the general case electrons will 
penetrate or pass through the cry.stal, but if the wave length A and 



Fig. 54 — A beam of electrons of uniform velocity is imagined as 
strlUng the crystal. In the general case it will be transmitted 
with oidy slight scattering, but if the angle of incidence and the 
electronic, wave length satisfy the Bragg equation strong 
reflection occurs and the beam does not penetrate the crystal 
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the angle 9 between the incident beam and the plane of atoms are 
adjusted so as to satisfy the Bragg equation 

n\ = id sin 6 

strong reflection takes place, and the electron does not penetrate far 
into the crystal — ^it is this fact which is used when one studies crystal 
structure by electron diffraction methods, 

OM : This is all very confusing. Does it amount to saying that for 
certain wave lengths me crystal structure complicates the behaviour 
of electrons in a solid ? 

YS ; That’s right. If we consider the direction OA in the wave- 
number diagram (Fig. 5a), then in the free-electron model we can add 
electrons with continually increasing wave numbers and continually 
increasing energies. On the other hand, with a crystal, for each direc- 
tion OA there will be a series of critical points in the wave-number 
diagram at which the wave length satisfies the condition for a Bragg 
reflection of the electrons by one of the sets of planes in the lattice, 
and it can be shown that at each of these critical points there is an 
abrupt increase in the energy on passing to the next highest wave 
number. If for example (Fig, 55) is the first point on OA at which 
the Bragg condition is satisfied, then on passing from 0 to the energy 
increases continuously with the wave number,* but at there is an 
abrupt increase in the energy. On passing from a^ to a^ the energy 
again increases continuously with the wave number, and then at a^ 
there is a second sudden increase. 

OM: That means that there are, so to speak, forbidden ranges 
of energy which the electron cannot possess. 

YS : Yes. In the free electron model the energy increases continu- 
ously with the wave number for all directions of the latter. In the 
periodic field model for each direction of the wave number, there are 
critical wave numbers at which an abrupt increase in the energy takes 
place. 

OM: I see. Then if in Fig. 55 represents a wave number which 

* As explained previously (page 144) the successive energy statcs.are so close together 
that we may regard them as forming a continuum, - ' 
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satisfies the Bragg relation for a reflection from a particular set of 
planes, it would seem that for different directions of OA the points 
must lie at different distances from the origin because if you vary 6 
in the Bragg equation you will have to vary A, and hence k. 

YS : That’s right. Let us suppose that in Fig. 56 OA^, OA^, OA3 . . . 
represent different directions in the wave number diagram, and that 
on OAi is the first critical point at which the wave number satisfies 
the condition for a Bragg reflection of the electron. In this case with a 
particular crystal structure . . . might be the corresponding 

points along OAg, OAg, OA^ ... at which the wave numbers again 
satisfied the conditions for a Bragg reflection from the same set of 
atomic planes. 

OM: Yes. That’s what I meant — the distances Oon, Oa^^, Oau 
will be different in different directions because if you vary 6 in the 
Bragg equation you will have to vary A, and hence the wave number 

in order to satisfy the condition for a Bragg reflection. But must 
A 

the points (1^, ... lie on straight lines? 

YS: Yes. That turns out to be one of the direct consequences of 
the theory. In the two-dimensional wave-number diagram the critical 
wave numbers at which the conditions for a Bragg reflection are satisfied 
lie on straight lines which form the boundaries of a polygon. For 
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electron states inside this polygon the energy varies continuously with 
the wave number, but on passing through the boundary of the polygon 
there is an abrupt increase in the energy. A polygon of this kind is 
called a two-dimensional Brillouin zone. 

OM: If the wave numbers on the edges of the polygon are those 
which satisfy the conditions for a Bragg reflection in the lattice it 
would seem that the shape of the polygon must depend on the crystal 
structure. 

YS: That’s right. Each type of crystal structure gives Brillouin 
zones of characteristic shape. 

OM: Do you mean that the zone of Fig. 56 will be surrounded by 
other zones? ^ 

YS: Yes, In Fig. 55 the points . . . mark the critical wave 

lengths for reflection from different sets of planes in the crystal, and 
these will lie on the edges of different polygons in A-space. ’ 

When we deal with a proper three-dimensional crystal, the general 
principle is exacdy the same. For a three-dimensional crystal we 
construct a three-dimensional wave-number diagram such as that of 
Fig. 48, where kx, ky, represent the components of the wave numbers 
in the directions x, j, z in the crystal — in general the axes will be 
chosen so as to be parallel to the crystal axes. Then, for each direction 
in the three-dimensional k-space, on starting from the origin the energy 
will increase continuously with the wave number until the critical 
pomt is reached at which the wave length satisfies the condition for a 
^tagg reflection. These critical points for the different directions then 
he on plane surfaces which bound three-dimensional Brillouin zones. 

57 ) fot’ example, shows the first Brillouin zone for the face-centred 



** of Pwperlies of Melals anti Alloys ” 
Mott ana Jones. Courtesy of Oxfortl University Press 

57— The first Brillouin zone of the face-centred cubic 
structure 
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[Fmn “ Mmlirtt Theory of Seliels," SeiU. Caalesy trf MeGraw-HUl Compare lae. 

Fig. 58 — To lUnstrate the first and second zones of the body- 
centred cubic structure 

cubic structure. The meaning of this diagram is that for electron 
states with wave numbers lying within this zone the energy increases 
continuously with the wave number, but at the surface of the zone 
there is an abrupt increase in the energy. It must be dnphasised that 
this diagram is a diagram in A-space. It is not a picture of the crystal 
in real space, but is a diagram in A-space showdng the region within 
which the energy varies continuously with the wave number. 

OM : The zone appears to have two kinds’ of surface planes, and I 
suppose they correspond with the satisfying of the Bragg equation for 
reflection of electrons from different types of atomic plane in the lattice. 

YS: That’s right. The octahedral faces of the zone indicate tlie 
wave numbers which satisfy the condition for reflection for the (ill) 
octahedral planes of the crystal, and the second set of faces refer to the 
(200) reflections. You may remember that in the X-ray or electron 
diffraction patterns of the face-centred cubic lattice the first two 
reflections are the (i 1 1) and (200) reflections. It is in this way that the 
X-ray diffraction patterns may be used to deduce the forms of the 
BriUouin zones. 

OM: On X-ray diffraction films the lines for the face-centred cubic 
structure go in the order (m), (aoo), (220), (31 1) . . . — the indices 
are either all odd or all even. Does this mean that there are other 
zones outside the one shown in Fig. 57? 

YS : That’s right. In Fig. 57 we have seen how the first BriUouin 
zone for the face-centred cubic structure is bounded by octahedral 
and cube faces, in agreement with the fact that the first two strong 
diffraction lines are the (in) and (200) reflections. For the body- 
centred cube, the first BriUouin zone is as shown in Fig. 58(0) ; this 
is a rhombic dodecahedron, in agreement with the fact that the first 
diffraction line from a body-centred cube is the (no) reflection. The 
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second Brillouin zone for the body-centred cubic structure then takes 
the form of Fig. 58(6), and its faces are farther from the origin than 
-those of Fig. 58(0) . 

OM: Fig. 58(6) appears to be the same as Fig. 57. 

YS: The two shapes are the same, although not the sizes. Fig. 58(4) 
is a second zone fitting outside Fig. 58(a). 

OM: T his is very interesting, and I suppose it means that the 
energy relations are more complicated for electrons in a lattice than 
for the electrons of the free electron theory. 

YS: Yes. The importance of the subject is that it shows there is a 
distinct difference between the energy relations of electrons in the 
hypothetical model of the free electron theory, and in the actual 
periodic field of a crystal. In the free electron theory the whole process 
was continuous. You could introduce more and more electrons into 
the empty box with continually increasing energies, and the whole 
process was smooth and regular. In the actual crystal where there is a 
periodic field, as you add increasing numbers of electrons they fill up 
the energy states in wave number space — two electrons per state — but 
the sudden increase in energy which occurs on crossing the zone 
boundaries means that the process is no longer smooth and regular as 
regards the energy. 

OM: Am, I right in thinking that the zone theories still mean that 
the energies of the electrons are spread over a range at the absolute 
zero? 


YS; Oh, certainly yes! PaulFs Principle still applies and only two 
electrons can enter a given state. In the zone theories an assembly of 


JV 

jV electrons at the absolute zero still occupies the — lowest energy 


states, and so the energies extend over a range. But the energy dis- 
continuities at the zone boundarira mean that the process is more 
complicated than in the free electron theory; for example, the N{E) 
curve no longer has the simple form of Fig. 44. As we shall see later, 
it is these very points which are responsible for the differences between 
insulators and metals. 


Suggestions for further reading. 

For further information on Brillouin Zone Theories, the reader may consult the 
following books: 

Ehmentaiy. 

An Introduction to the Electron Theory of Metals, G. V. Raynor, Institute of Metals. 
Atomic Theory for Students qf Metallurgy, W. Humc-Rothery, Institute of Metals. 

Useful information is also given in An Introduction to Chemical Phsics, J. G. Slater. 
1939, McGraw HilL 

More Advanced. 

The Theory ofthe Properties of Metals and Alloys, N. F. Mottand H. Jones. 1936, Oxford, 
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23 — ^Brillouin Zones and Electron Distribution 

Curves 


O LDER Metallurgist: From what you have said it would seem 
that for electrons in a periodic field the JV(£) curve will no longer 
be a simple parabola as it was in the free electron theory. 

Young Scientist: That’s quite right, and we must now see what 
types of J^{E) curve arc actually formed. For simplicity we will again 
deal with a hypothetical two-dimensional crystal, and we will suppose 
that the cr^tal structure gives rise to a first Brillouin zone which is a 
square, as in Fig. 59(fl). We may now imagine that we introduce 
increasing numbers of electrons into the crystal, and so gradually 
fill up the lowest energy states — as I explained before we imagine the 
positive charge on the ions to increase gradually so that the crystal 
as a whole is electrically neutral. 


OM: I suppose all this will be at the absolute zero, where an assem- 

JV 

bly of jV electrons occupies the — lowest energy levels. 


YS : That’s right. All this theory is developed first for the absolute 
zero. We then find that for the first few electrons which are intro- 
duced, the behaviour is very like that of the free electron theory, and 
the occupied states lie inside a circle, as shown in Fig. 59(6). The 
corresponding portion of the M{E) curve is then a parabola of me form 
J^{E)xE^I\ and resembles that of the free electron theory. The 
shaded region in Fig. 60 (a) extends over this part of the W(£) curve. 

OM: Then as more and more electrons are introduced, are the 
boundaries of the occupied states still circular? 

YS : No. As the limit of the occupied states approaches the boun- 
daries of the Brillouin zone, the line bounding the occupied states — 
one may call it an energy contour because it joins states of equal energy 
— becomes distorted from a circle. The corresponding portion of the 
N{E) curve then rises above that of the free electron theory, as shown 
in Fig. 60 (i). In a proper three-dimensional crystal the general 
process is the same. The two-dimensional circle is replaced by a sphere, 
and this becomes gradually distorted as the occupied states approach 
the zone boundary, and again the M{E) curve rises above that of the 
free electron theory. 

OM: Now, what happens when the surface of occupied states 
touches the zone boundary? 

YS: See if you can’t think that out for yourself. 

OM: Well, it would seem that if there is an abrupt increase in 
energy on crossing the zone boundary, then when the occupied states 
reach the surface of the zone, the next electrons added will go on 
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Fig. 59 — To illustrate the filling up of electron states for a hypothetical 
twoHUmensional crystal of which the first Brillouin zone is a square 

For ihefirslfew electrons Hie Fermi surface is a circle whose radius increases with the number of 
electrons. When the occupied electron slates approach the boundaries of the zone the circles are 
distorted and curve round so that are eventual^ perpendicular to the zone boundaiy. 
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filling up the states in the first zone, but they will not begin to enter the 
states in the second zone until the energy is sufficiently great to exceed 
the energy gap at the zone boundary. 

YS : That’s right. 

OM: In that case the additional electrons will not at first enter 
states in the directions OA-^, OA^, OA^, and OAi (Fig. 59(e)), and so 
the N{E) curve will fall because there will no longer be new energy 
states in all directions. 

YS : That’s right. The occupied states for this part of the J\f{E) curve 
are shown in Fig. . 60(e). The abrupt fall in the JV(£) curve at A is the 
result of there being no states in this range of energy for certain direc- 
tions in k space. Fig. 59(e) shows the way in which the energy contour 
bounding the occupied states has continued to spread out inside the 
zone. Now see if you can say what will happen if we introduce still 
more electrons. 

OM: It seems to me that there will be two possibilities. If the 
energy steps at the boundaries of the first zone are sufficiently great, 
the electrons will gradually fill up all the states of the first zone, and 
then there will be a sudden increase in the energy before any electrons 
enter the states of the second zone — ^in this case the N{E) curve must 
sink to zero, because there will be some energies for which no electron 
states arc possible. 

YS: Yes, and the resulting condition of affairs is shown in Fig. 60(d). 
Here the portion ABC of the N{E) curve corresponds with the filling 
up of the first zone states as shown in Fig. 59(e) and (/). The break 
CD on which the N{E) curve is zero has a length equal to the difference 
between the energy of the highest state of the first zone and the lowest 
state of the second zone. 

OM: That is quite clear and simple, but if the energy gap at the 
surface of the zone is relatively small, it would seem that the electrons 
might begin to enter the lowest states of the second zone before the 
states of the first zone were all filled. 

YS: That’s very tme. It is in fact the characteristic of nearly if 
not all metallic structures that the lowest energy states of the second 
zone have a lower energy than the highest energy states of the first 
zone. In this case as the number of electrons is increased, they begin 
to enter the second zone as shown in Fig. 61, and the total JV(£) 
curve is the sum of that for the first zone and that for the second zone. 
In such a case it is said that the first and second zones overlap, and the 
opening up of the states in the second zone then produces a sudden 
rise in the Jf{E) curve as shown in Fig. 62. Then on introducing more 
and more electrons, the first zone becomes completely filled, and the 
total N{E) curve is that of the second zone alone. When the occupied 
states reach the boundary of the second zone, there will be a sudden 
fall in the M{E) curve for the same reason as that for the fall at A in 
Fig. 60. If the second and third zones overlap there will be a sudden 
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Fig. 6i — -To illustrate one 
of the Fermi surfaces in a 
structure for which the 
first and second Brillouin 
zones overlap. The elec- 
trons have begun to fill up 
the states of the second 
zone before those of the 
first zone are completely 
full 
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Fig. 63 — To illustrate the N(E) curve for overlapping zones. 
The point B represents the stage at which the electrons begin 
to enter the second zone. At this stage the first zone is not 
completely full, and the total N(£) is obtained by the summa- 
tion of the curves for the separate zones. The point G repre- 
sents the stage at which the first zone Is completely filled, and 
additional electrons then fill up the states of the second zone 
which may overlap the diird zone and so on 
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Fig. 63 — ^NfE) curves for the face-centred cubic strui^tnre (full 
line) and me body^centred cubic structure (dotted line) after 
Mott and Jones. The points A, B, and G correspond with x.36, 
3.10, and 5.9 electrons per atom respectively, and the points D, 
E, and F correspond with 1.48, 4.8X and 7.7 electrons per atom 
respectively. It should be emphasised that these curves depend 
on simplifying assumptions (see page X75) and only the 
extreme left-hand part of the figure can be compared with 
obsex^ed facts for copper alloys 
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rise in the N{E) curve when the electrons begin to enter the states of 
the third zone. In this way the theory predicts J^{E) curves with a 
whole series of peaks and valleys, and each type of crystal structure 
gives rise to a characteristic N{E) curve for a given energy gap at the 
surface of the zone. Fig. 63, for example, shows the N{E) curves 
calculated by Mott and Jones for the face-centred cubic and body- 
centred cubic structures, on the assumption of the energy gap deduced 
from a study of the optical properties of copper. From this you will 
see that the zone theory has led to a striking confirmation of the ex- 
perimental work on soft X-ray spectroscopy. When the number of 
electrons is small . . . 

OM: Wait a minute. In your description you have continually 
spoken of introducing increasing numbers of electrons into the crystal, 
but you have not given me any indication of the magnitudes involved. 

YS: You understand how in Fig. 63 the kinks in the J^{E) curve 
occur at the stages at which the electron states in a new zone are 
being opened up (for example, point B in Fig. 62), or at which a zone 
is completely filled (for example, point C in Fig. 62). You ■will notice 
how the rounded peak resulting from an overlap is distinguished from 
the sharp peak at the point where the Fermi surface touches the face 
of a zone. 

OM: Yea, that’s all right. But how many electrons go to a zone? 

YS: In simple translational lattices,^ eacli complete zone contains 
two electrons per atom. In Fig. 63 I have marked the numbers of 
electrons per atom corresponding to different points on the curves, 
assuming the electron states to be fully occupied up to the points 
concerned. The numba' of valency electrons per atom is often called 
the electron concentration. In an alkali metal as in copper for example, 
the electron concentration is i.o, and in zinc it is 2.0, In an equiatomic 
alloy of copper and zinc the electron concentration is 1.5. 

OM: The various peaks and ■valleys in Fig. 63 seem to occur at 
quite different electron concentrations. 

YS: Yes. That’s the whole point. With a given energy gap at the 
surface of the Brillouin zone, each crystal structure gives rise to a 
. characteristic JV(£) curve, and in this way we can begin to see how for a 
given number of electrons per atom, the electronic energy may be less 
for one structure than for another, and we can begin to see which 
structures should be the most stable so far as the electrons are con- 
cerned. 

OM: Do you mean that the same principle (page 137) of high K{E) 
curve, lower energy still applies? 

YS: Yes. If you compare the curves for the body-centred and ftice- 
centred cubic structures in Fig. 63, you will see that for the face- 
centred cube, the first peak occurs at 1.36 electrons per atom, whilst 

^ That 13, latticea in which one set of lattice points is obtained from another, by a 
simple translational movement. This includes all the common metallic structures. 
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for the body-centred cube the first peak is at 1.48 electrons per atom. 
So as the electron concentration is increased from 1.36 to 1.48 the 
jV(£) curve for the face-centred cube is falling rapidly, whilst that for 
the body-centred cube is continuing to rise. In this way we can predict 
that so far as the electron concentration is concerned, the body- 
centred cubic phase will become more stable as the electron concen- 
tration is increased from 1.36 to 1.48. 

OM: That’s interesting, but it doesn’t seem to be of much use be- 
cause the electron concentration of a metal must be a whole number, 

2) 3> 4 • • • according to the valency. 

YS: What you say is quite right so far as the pure elements are 
concerned. But in alloys, the electron concentration need not be a 
whole number.* In a copper-zinc alloy containing 50 atomic per cent 
zinc, the composition wiU be GuZn, and there will be three valency 
electrons to two atoms, and an electron concentration of 1.5. The 
above N{E) curves then indicate that so far as electron concentration 
is concerned, the body-centred cubic structure will be more stable than 
the face-centred cubic structure for the equiatomic copper-zinc alloy. 

OM; Oh, I see! I suppose that might be the reason why ji brass 
has a body-centred cubic structure. 

YS : I had meant to keep the present discussion to the pure elements. 
But we may anticipate a little of Part III, and say that the above 
JV(JS) curves are the first beginnings of a theory of P brass. It is not 
correct to say that the predicted a body-centred cubic structure 

for p brass, because the structure was determined experimentally 
before the theory was developed. But it is justifiable to claim that the 
above N{E) curves enable us to understand why P brass has a body- 
centred and not a face-centred cubic structure. 

You will see therefore that the simple theory of the periodic field 
has taken us a long way. It has given us an N{E) curve' which for 
small electron concentrations has the same general form as that of the 
free electron theory, and this is in agreement ■with the soft X-ray 
spectroscopic work on the alkali metals. It has shown that for higher 
electron concentrations the M{E) curves will have a number of peaks 
and valleys in agreement with Skinner’s work on elements of higher 
valency. Finally, the particular curves of Fig. 63 have led to a first 
understanding of the structure of P brass. I should, however, warn 
you that Fig. 63 involves a’; number of simplifying assumptions. The 
left-hand part of the figure is a reasonable approximation for the 
energy gaps deduced from the optical properties of copper, and may 
be compared with observed facts. The right-hand part of the figure 
depends much more on the simplifying assumptions, and it should be 
regarded more as showing the kind of curve indicated by the theory, 
rather than as a curve to be compared with observed facts. 
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24 — The Crystal Structures of the Elements; 

Van Der Waals’ Forces and Go-valent Bonds 

O LDER Metallurgist: What you said last time about the zone 
theories was very interesting, but I find great difficulty in visualis- 
ing what is going on, and in understanding how the electrons behave 
when they bind the atoms of a solid together. I can see how the M{E) 
curves and energy relations are important in determining the relative 
stabilities of dimrent crystal structures, but I don’t follow why there 
are such great differences between different elements? For example, 
why does helium liquefy only a few degrees above the absolute zero, 
whilst tungsten and carbon (diamond) persist as solids for several 
t boiisjind degrees? Your picture of electron clouds, and your des- 
cription of J/{E) curves would not lead me to expect such great 
differences. 

Young Scsentist: In order to meet that difficulty we may consider 
the crystal structures of some of the more electro-negative elements, 
and we may begin by considering first what is to be expected when 
two atoms approach one another. We may suppose that we have 
two neutral atoms and that these are at a distance from one another 
which is large compared with the extent of their electron clouds. The 
atoms will then be independent free atoms, and the electronic energies, 
electron cloud patterns, etc., will be those of the free atoms which we 
discussed in Fart 1. Now let us suppose that two atoms approach 
one another to a distance which is of the same order as that of their 
electron clouds. Then the inner electrons of each atom will be over- 
whelmingly under the influence of one nucleus, and they will be little 
affected by the presence of the adjacent atom. In contrast to this 
the outer electrons of each atom will be affected by the presence of 
the adjacent atom, and this perturbation may alter the state of motion 
of the outer electrons. 

OM; I can quite understand that, but why are there such differences 
between, say, helium on the one hand, and tungsten or the diamond 
on the other? 

YS: The answer to that question is that with some atoms the 
perturbation may enable the electrons to take up a new kind of motion, 
the energy of which is lower than that which they would possess if the 
two atoms were isolated. If this can happen there is an attraction, 
and the two atoms hold together to form a molecule whose stability 
depends on the extent to which the energy has been lowered by the 
readjustment of the electronic motion. In the same way the assembly 
of atoms in a metallic vapour unite together to form a liquid or solid 
because their outer electrons can change their motion in such a way that 
the energy is lower than that of an assembly of independent free atoms. 

176 



CRYSTAL STRUCTURES OF THE ELEMENTS 

OM: Then do you mean that the interatomic forces which produce 
compound molecules are of the same nature as those which hold the 
atoms together in the crystal of a metal? 

YS: The forces between the atoms in molecules and in metal 
crystals are all part of the general problem of interatomic bonding or 
interatomic cohesion. 

OM: But if that is so, why are there such enormous differences 
between the stabilities of the different structures? 

YS: The differences in stability result from the fact that in the 
atoms of some elements the electrons already form very stable group- 
ings, whose electronic motions are only slightly affected by the presence 
of neighbouring atoms. 

OM: You mean that the inert gases all possess very low melting 
points and boiling points because their outer electrons form a com- 
pleted octet — or a pair in the case of helium. 



Atom No, 3 Atom No. t 

(a) Atoms far apart 



No. 2 -Vo. I 

. (b) Atoms close together 

Fig. 64 (a) and (b)— Diagrammatic representation of electron 
* clouds of two atoms of an inert gas, 
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YS: That’s right. The two electrons in the case of helium, and 
the octets in neon, argon, krypton, xenon, and emanation form very 
stable groupings, and the motion of their electrons can be only slightly 
perturbed. Consequently no great lowering of energy can result, and 
a comparatively slight degree of thermal agitation is sufficient to melt 
the sond, or to vaporise the liquid. 

OM: Even though it is weak, there must be some kind of force to 
hold the atoms of the inert gases together in the solid or liquid state. 

YS; Suppose that Fig. 64(a) shows the electron clouds of two atoms 
of an inert gas when they are relatively far apart from one another. 
Then, as I have explained in Part I, we cannot draw a definite tra- 
jectory of an electron inside these electron clouds, but the electrons 
are to be regarded as moving about inside the cloud. When the atoms 
are far apart they will be independent systems and have no effect on 
one another. Now suppose that two atoms approach as shown in 
Fig. 64(4), and let us suppose that at a particular instant the electronic 
motion in atom No. i results in its having an excess of electrom on the 
left-hand side. Then for this brief instant atom No. i will be a tem- 
porary electrical dipole with a negative charge on its left side. Clearly 
this will tend to repel the electrons on the right-hand side of atom 
No. a. In this way you can see that the motion of the electrons in 
atom No. i will affect that of the electrons in atom No. a, and it can be 
shown that a lower energy (that is, an attraction) results if the electrons 
in the two atoms move in sympathy or harmony -with one another 
than if they move as independent systems. These attractive forces 
are known as Van der Waals’ forces because they are responsible for 
the attractive term in the well-known gas equation of Van der Waals. 
In the case of the inert gases the Van der Waals’ forces are responsible 
for the interatomic cohesion wluch holds the atoms togetlier to form 
a liquid or a solid. These forces produce an attractive force proportional 

to where r is the distance between the two atoms, and hence an 
attractive potential energy proportional to — 

OM: The fact that the melting points and boiling points of the 
inert gases rise with increasing atomic number suggests that the forces 
become stronger. 

YS: With increasing atomic number the electron clouds of the 
inert gases become larger, and so, although the outer electrons still 
form octets, they are increasingly less firmly bound. This means that 
the electronic motion is more easily disturbed, and so the mutual 
sympathetic motion between the electrons of adjacent atoms becomes 
more and more pronounced, and a greater lowering of energy can take 
place. It is a general principle that Van der Waals’ forces increase 
as the size of the electron cloud increases. 

OM: Then have the Van der Waals’ forces anything to do with co- 
hesion in elements other than the inert gases ? 
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{From “ The Sinulure afClyilatt," und Wyehiff, Courier of 

The Reinitold Ptiblisbitie Corpn. 

Fig. 65 — The crystal structure of iodine 

Showing the presence qf pairs of atoms farmed by diatomic 7 g molecules 

YS; Oh, very much so. As a next step we may consider what 
happens in the crystals of the^ relatively electro-negative elements. 
We have already seen how the inert gases are characterised by the 
possession of outer groupings of eight electrons (or two in the case of 
helium) . Now suppose we consider an element such as iodine which 
contains seven electrons in its outer shell. Then each atom of iodine 
requires one more electron to form an octet, and the result is that 
stable diatomic Ij molecules are formed in which each atom shares 
one valency electron with its neighbour so that each atom acquires 
a share in a complete octet; This concept of shared electrons was 
first introduced by G. N. Lewis in 1916, and molecules in which the 
atoms are held together in this way are said to involve eo-valent or 
homopolar bonds. 

OM : But if iodine forms diatomic molecules like that, there would 
seem to be nothing left to bind the molecules to form a crystal — one 
would surely expect iodine to be a gas of very stable diatomic molecules, 
and of very low boiling point? 

YS : What happens is that in crystalline iodine, the diatomic mole- 
cules persist as such, and they arc held together by Van der Waals’ 
forces. That is to say, the outermost electrons of the Ig molecules 
affect each other and move in harmony with one another, and in this 
way a lowering of energy, and hence an attraction results. Fig. 65 
shows the crystal structure of iodine, and you will sec how the diatomic 
moledules are clearly present. In this stmeture you are to regard the 
two atoms in a molecule as held together by simple co-valent linkages, 
whilst the molecules are held together by Van der Waals’ forces. 
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OM:.At room temperatures iodine is a solid, bromine is a liquid, 
whilst ^hlrtrinft and fluorine are gases. Is this because as the atomic 
number increases the electron clouds become larger and so are more 
easily deformed, with a resulting greater Van der Waals’ force? 

YS: Yes. You see exactly the same principle on a lesser scale in the 
inert gases, where the melting points and boiling points (and hence 
the labilities of the solid and liquid) increase with increasing atomic 
number. 

OM: Do all the halogens form diatomic molecules with crystal 
structures like that of iodine ? 

YS: Their crystal structures are not the same, but they all form 
stable diatomic molecules in which the two atoms are held together 
by simple co-valent bonds. 

OM : From what you say above it would seem that an atom of an 
element of Group VIB would have to share electrons with two atoms 
if it is to build up an octet by simple co-valent bonds. 

YS : That’s right. What happens is extremely interesting, and you 
can imderstand it from Fig. 66, which shows the crystal structure 
of tellurium. Here you will see that the atoms of tellurium form long 
spiral chains in which each atom has two close neighbours. You wifi 
see, therefore, that your idea of each atom sharing with two others 
was correct, and there are long chains of atoms which extend right 
through the ciystal. In this case you must look on each long chain 
as an immense molecule in which every atom has acquired an octet 
of electrons by sharing one of its electrons with each close neighbour 
in normal co-valent bonds. The chains themselves may be held 
together by Van der Waals’ forces, although the distances are difficult 
to explain on this basis, and some people think that the forces between 
the chains are more like those which bind the atoms togetlicr in a metal. 
The important thing to recognise is that there are two distinct kinds of 
force present in the crystal. The crystal structure of selenium is similar, 
but in the case of sulphur the crystal structure contains rings of eight 
atoms as shown in Fig. 67. Here again, each atom shares with two 
neighbours, but the long chains are replaced by closed rings which 
correspond to Sg molecules, and these molecules are held together by 
Van der Waals’ forces. It is interesting to note that although metallic 
selenium has the chain structure of Fig. 66, there are other modifica- 
tions of the element which contain atoms in eight-membered rings. 

OM : It seems to me that the whole principle goes wrong when you 
get to oxygen. Oxygen forms diatomic molecules, and so there is no 
chance of an atom sharing with two neighbours. 

YS : In the case of the diatomic oxygen molecule each atom shares 
two electrons with its neighbour, and in this way four electrons are held 
in common, and each atom acquires a share in an octet. The twoutoms 
are said to be held together by double bonds. 

OM: In the case of the diatomic nitrogen molecule Ng the same 
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iCowie^ The Instilule of Metals 

Tig, 66 — ^The crystal structure of tellurium 

Showing the spiral chains of atoms in which 
each atom has two close neighbours 



IProm ** Valenyf" Palmer, Courieey ef Cambridge Untversily Press ^ 

Fig, 67 — ^The structure of S, 

principle would require each atom to share three of its electrons with 
the other. 

YS: That’s right. Each nitrogen atom contains five electrons, and 
so needs three more to complete an octet, and this is done by each 
atom contributing three electrons to form the so-called triple bond. In 
the N 2 molecule each atom has two unshared electrons, and gains a 
share in six others which form the triple bond, and in this way each 
atom acquires a share in an octet. 

OM: Then are the Nj molecules in liquid or solid nitrogen held 
together by Van der Waals’ forces as was the case for the Fg molecules 
of fluorine ? 

YS: Yes. In solid and liquid nitrogen, oxygen, and fluorine the 
diatomic Ng, Og, and Fg molecules qxist as such and ’they are held 
together by Van der Waals’ forces. The very low melting points of 
oxygen and nitrogen result from the electron clouds of the Og and Ng 
molecules being relatively firmly bound, so that the electronic motion 
cannot be altered sufficiently to produce a marked lowering of energy. 

OM: You have explained about the crystal structures of oxygen, 
sulphur, selenium, and tellurium. What happens with the elements 
of Group V? From what you have said above, they should either form 
crystal structures involving diatomic (triple bond) molecules, held 
together by Van der Waals’ forces, or by metallic forces, or else struc- 
tures in which each atom has three close neighbours and so builds up 
an octet by means of three single bonds. 

YS: That’s quite right. Fig. 68 shows the structure of antimony, 
and you will see that this satisfies the second of your suggestions, 

181 


ELECTRONS, ATOMS, METALS AND ALLOYS 

It is a double layer structure where each atom has llu:ee close neigh- 
bours in its layer, and three others at a greater distance. Here you 
are to regard each double layer as an immense molecule held together 
by simple co-valent bonds, whilst the layers themselves are held 
togedier either by Van der Waals’ forces, or by something like metallic 
bonds. 

OM: Then do you mean that antimony is not to be looked on as an 
ordinary metal? 

YS: Oh, certainly not! There are undoubtedly two different kinds 
of bonding process present in crystalline antimony, and one of these is 
almost pure co-valent bonding. Arsenic and bismuth form the same 
type of crystal structure, but in black phosphorous the structure is 
different, although each atom has again three close neighbours. You 
will see that the crystal structures of these elements in Groups V, VI, 
and VII are such that each atom has (S-AT) close neighbours, where JV” 
is the number of the group. This is sometimes called the (8-JV) rule. 

OM; Oh, I see! They all fit into a general scheme with the tetra- 
hedral structure of the diamond of which everyone knows. 

YS : That’s right. Fig, 69 shows the crystal structure of the diamond, 
and here each atom has four electrons, and shares one with each of 
four close neighbours, and the whole crystal is to be looked on as an 
immense molecule in which the atoms are held together by co-valent 
bonds. This structure is also formed by silicon, germanium and grey 
tin, and you will see that the stability of the structure diminishes 
with increasing atomic number. The melting points fall regularly 
from diamond, whose melting point is very high and is complicated 
by the transformation to graphite,* to silicon (1,420° C), and then to 
germanium (g6o° G) whilst grey tin is stable only at low temperatures. 
This is a general principle, and in any one group the stability of the 



Fig. 6t— Tha crystal structure of antimony 

Shuttling Ihe doubk loiters of atom in which each atom has three close neighbours and “three at a 
greater distance in the next layer 

^The melting point is sometimes given os ca, 5,ooo°C, but it is possible that 
transformation to graphite prevents any real melting. 
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[F»fii *'77w CryshtUine State” VsL 1 . by Sir Lawnrue Brass, by Ojurte^ 
Giarse Bell Sons Ltd. 

Fig. 6g — The inrystal atructuve of the diamond 

Showing how each atom has four equidistant neighbours 



co-valent bonds tends to diminish with increasing atomic number, that 
is in the opposite direction to the change in the strength of the Van 
der Waals’ forces. If, for example, we compare iodine with chlorine, 
the co-valent bonds Vhich hold the atoms together in the Gig molecule 
arc stronger than those in the Ig molecule, whilst the Van der Waals’ 
forces between the molecules are stronger in solid iodine than in solid 
chlorine. 

You will see, therefore, that the crystal structures of the above 
non-metallic and weakly metallic or metalloid elements fall into quite 
definite and simple classes. At die one extreme there are the inert 
gases in which only forces of the Van der Waals’ type are available 
for the cohesion which gives rise to the solid or liquid. There are then 
the elements of very low melting point, namely hydrogen, oxygen, 
and nitrogen in which stable diatomic Hg, Og, and Ng molecules are 
formed involving single, double, and triple bonds respectively. In 
the solid and liquid state these molecules sire held together by Van 
der Waals’ forces. Finally there are the elements fluorine, chlorine, 
bromine, iodine, sulphur, selenium, tellurium, phosphorus, arsenic, 
antimony, bismuth, carbon (diamond), silicon, germanium, and grey 
tin. These all crystallise in structures obeying the (8-JV) rule, and the 
crystal structures involve both co-valent bonds and Van der Waals’ 
forces, except for Group IV where the co-valent bonds bind the whole 
structure (diamond structure, Fig. 69) together. 
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O LDER Metallurgist: The (B-Jf) rule structures which you dis- 
cribed last time are very fascinating, and the general principle 
seems extremely simple. But has all this got anything to do with wave- 
mechanics and electron clouds? ^ 

Young Scientist: Wave-mechanics has been applied to the problem 
of co-valency, and has been most successful. We may begin by con- 
sidering the hydrogen molecule Hj, because it is the simplest possible 
case of inter-atomic bonding, and unless you understand what happens 
in this molecule you will have no chance of understanding the more 
complicated state of affairs which exists in solid metals and alloys. 

Suppose now we consider two hydrogen atoms in the normal state, 
that is, the state with the electrons in the (u) level. Then if these are 
widely separated, they behave as free atoms, and the energies of their 
electrons will be the same, namely that of the (ir) level. Now let us 
suppose that the two atoms approach one another. Then several 
processes take place: 

(i) The electron of each atom begins to be attracted by the nucleus 
of the other atom. 

(a) The two nuclei repel one another. 

(3) The two electrons repel one another. 

All these processes go on together, and the two atoms form a common 
system whose electronic motion, energy levels, etc,, may be calculated 
by wave-mechanical methods. Just as in a free atom there is a number 
01 energy states defined by quantum numbers, so in the system of two 
atoms there are stationary states defined by quantum numbers. These 
quantum numbers me more complicated than those of free atoms, 
and we need not bother about the details. You should, however, 
note that as the two atoms approach one another it can be shown 
that the single ( i j) energy level of the free atoms splits into two levels 
denoted Cgis and a„\s whose energies become increasingly different as 
the atoms approach more and more closely, 

OM: Jt seems to me that the general effect is very like that of the 
broadening of the levels in a solid metal which you described in 
Chapter 18. 

YS: That’s right. The process is essentially of the same type. In 
the case of two atoms the single level splits up into two levels. In a 
metal crystal the number of atoms is of the order 10*® per gramme, 
and the single level splits up into a correspondingly large number of 
levels which produce the energy band of Fig. a8, but the esfential 
.process is the same, 

OM: Does the splitting up process necessarily produce an attraction? 
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“ AfoUtiilar Spectra anit Molnular Structure,** Vol i. " Dialumic Molecules** 
Heribetp. Cuurlesjt of Frenlice-HM Inc. 


Fig. 70 — Shows how the intemuclear distance affects the total 
' energy of the H, molecule when the electrons are in the repul- 
sive orbital (upper curve) and the attractive orbital (lower 
curve) respectively 

In the upper curve ihe energy increaies steadily as the intemuclear distance diminishes, and for 
this reason no stable molecule is formed. In the tower curve, where the electrons are in the attrac- 
tive orbital, the total energy of ihe molecule decreases as the atoms approach, and then passes 
through a minimum, and consequently a stable molecule can be formed 

YS: That doesn’t follow. It may result in either attraction or repul- 
sion. We have already seen how when two hydrogen atoms approach 
one another the different processes (i), (3), (3) above take place. The 
energy resulting from each of these processes can be calculated and is 
clearly a function of the distance between the two nuclei. Conse- 
quendy we can draw a graph showng how the energy of the assembfy 
of ihe tifo atoms as a whole depends on the distance between them. In 
this way the curves shown in Fig. 70 are obtained. The upper curve 
shows what happens if the two electrons are in ts^is state. Here you 
will see that the energ;y increases as the two atoms approach one 
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Fig. 71 — ^To illustrate the electron doud of the H, molecule 

The elictron cloud is axially symmetrical about the Une joining the nuclei which are represented 
by dark dots. The up^r jigwre represents a crass section perpendicular to this axis, and shows 
the axial ^mmetry. The hwer figure represents a cross section containing the line which joins 
the nuclei. This figure is diagramnmtic only, and further details can he read from Fig. 72. 

another. This clearly corresponds with a repulsion between the two 
atoms, and so a stable molecule is not formed. 

The lower curve shows what happens if the two atoms approach 
one another with their electrons in the ctgis state, and in this case the 
energy decreases until the nuclei are approximately 0.74/I apart, and 
then rises as they approach more closely. In this case, therefore, a 
stable Hj molecule can be formed in which the distance between the 
atoms is 0.744. In this kind of molecular system Pauli’s Principle 
still applies, and the OgU state can contain not more than two electrons 
which must have opposite spins. In the H g molecule there are only two 
electrons, and so they can botli enter the CgU level — this level is some- 
times called a bonding orbital because if the electrons are in this state 
the energy of the system decreases as the atoms approach one another. 
The (TuU level is called an anti-bonding orbital because it corresponds 
with an increase in energy and hence a repulsion as the atoms ap- 
proach. 

OM; Oh, I see! So that’s why helium doesn’t form a stable He2 
molecule. An He^ molecule would have four electrons to accommodate, 
and the attractive csgis orbital could hold only two of them, and the 
o^er two would have to enter the anti-bonding orbital, and would 
give rise to repulsion. 

YS: That’s right. In the same way- you will see that if the electrons 
in two hydrogen atoms had the same spin, they could not both enter 
the attractive orbital. In electron bonds of this kind the electrons must 
have opposite spins, and this is one of the great characteristics of co- 
valent bonding — the two electrons which form the bond have opposite 
spins. 
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Htrzbers, Courtesy of Prentiee^Hall Inc. 

Fig. 73 — Shows the electron cloud density of the Hj molecule on ' 
a section passing through the two nuclei 

Tht curves. Nos. 1, a, 3 ... curves qf equal probabilily density, and the numbers give 
die relative values. The diagram shows that the high electron density, that it contours 4, 5, 6, 
is concentrated in the region between the nuclei. The internuelear distance is 0.74/I. This Jigwre 
shows the detail qf Fig. 7 1 

OM: Then when the electrons aie shared between the two atoms 
like this, are tliey to be looked on as revolving in a circular orbit mid- 
way between the two atoms? 

YS : Oh, no ! Just as in the case of a free atom we can no longer 
think of the electrons as moving in a definite orbit, so in the case 
of a molecule we have to give up attempts to follow the electron in its 
path, and we can only think of an electron cloud pattern or probability 
pattern. In the Hg molecule, the electron cloud is symmetrical about 
the line joining the centres of the two nuclei, and Fig. 71 shows the 
general form of the electron cloud in this case. Fig. 72 shows the 
same effect in greater detail — the lines are contours of constant electron 
density, and you will see that the contours of high density tend to 
crowd together in the spaces between the two atoms. This illustrates a 
very general principle, namely, that -in nearly all cases — ^ferromag- 
netism is an exception — an assembly of electrons with a given energy 
will occupy a smaller volume, or in a given volume will have a smaller 
energy if they are in pairs with opposite spins than if they all have the 
same spin. 

OM: Do you mean that spinning electrons produce fields which 
attract one another if the spins are anti-parallel, and repel one another 
if they are parallel? 

YS : No. That’s not the way to look at it. The position is that if the 
electrons have the same spin, they will by Pauli’s Prindple have to 
enter higher energy states. Suppose for example we consider an atom 
of carbon for which .the normal electronic structure is 

(ij)* (2J)* (2^)®. 

Here the ij, 2^, and up levels each contain two electrons, one of each 
spin. If all the electrons had the same spin, Pauli’s Principle would 
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mean that each j-level could contain only one electron, and each p- 
level only three electrons. The lowest possible energy would thus 
correspond to the configuration 

(ij)i (2f)l (2/>)» (3J)1 

and in this case the energy would be greater and the electron cloud 
larger than in the normal 

(ir)» (2^)* {ppY 

configuration. 

OM: In the electron cloud pattern of Figs, 71 and 72, am I to 
regard one electron as associated with one atom, and the other with 
the other? 

YS; No. Each electron is associated with the cloud pattern as a 
whole; the process is sometimes called the exchange process, and the 
resulting forces the exchange forces. Let us suppose that we have the 
molecule in the condition in which one electron — ^let us call it electron 
No. I — ^is associated with atom No. i, whilst electron No. 2 is associated 
with atom No. 2. Then since electrons are indistinguishable we should 
have an exactly identical system if electron No. 2 were associated with 
atom No. i, and electron No. i with atom No. 2. It is now a general 
principle of wave mechanics that if a system can exist in two or more 
configurations, the lowest energy is obtained not by one configuration 
alone, but by a condition which may be described by the superposition 
of tire wave functions characteristic of the two configurations. Mathe- 
matically this is equivalent to a rapid exchange or resonance between 
the two configurations, so that on the average the system exists in a 
condition which is neither one configuration nor the other, but is 
characteristic of the exchange or resonance process. This exchange or 
resonance produces a lowering of energy which is greater the more 
nearly equal are tlie stabilities of the two configurations between 
which resonance occurs. In the case of the Hg molecule, the two 
configurations referred to above are absolutely indistinguishable, and 
so the conditions for strong resonance or interchange are present. 
You may perhaps regard the electron as continually passing from 
one atom to the other, but the frequency of the exchange is so high 
(about 10^® times per second) that we have to imagine the electron 
as associated with the electron cloud pattern of the molecule as a 
whole, and, just as in the free atom, we must not ask how the electron 
moves about within the electron doud. 

OM: In the case of the Hg molecule you have described, the shared 
electrons are in r-states. Do the same considerations apply to ^-states ? 

YS : In the case of ^-bond orbitals, the general principles are much 
the same. The co-valent bond is again formed by two electrons of 
opposite spin, and in general the co-valent bond results from the' 
unpaired electrons of the free atoms. In the case of fluorine, for 
example, each atom has seven electrons in the outermost or 2-quantum 
shell.. Of these electrons, two arc in the (2j)® sub-group and the 
rernaining five are iti the {ip) sub-group. As we have already ex- 
plained, there are three (2^) orbitals, each of which can contain two 
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Figi 73 — ^To illustrate the co-valent bonds formed by p-orbitals 


(a) Half-filled p-orbiials of two free atoms approacUng one another. Each p-orhilal contains 

one electron, and these must have opposite spins if bonding is to occur 

(b) The same two atoms after bonding has taken place and Uie electron cloud is drawn between 

the two atoms. This fype of bond always results from two electrons of opposite spin 

electrons which must be of opposite spin. In the fluorine atom two 
of the {zp) orbitals will be fully occupied, and will each contain two 
electrons, and the third orbital will contain one electron only. It is 
this lone electron which is shared with the adjacent atom in the Fg 
molecule, and in the molecule the two shared electrons have opposite 
spins. When the /»-bond is formed the electron cloud is drawn out 
into the space between the two atoms, so that if Fig. 73(0) shows the 
electron clouds of the two p electrons in the isolated atoms, the con- 
dition of affairs after bonding might be as shown in Fig. 73(6). 

OM: It seems that these, as well as the bond in the Hg molecule, 
give electron clouds which are symmetrical about the line joining the 
centres of the two atoms. Is this always the case when electron sharing 
occurs? 

YS : Not necessarily. The above types of bond form electron clouds 
which are symmetrical about the line joining the two nuclei. These 
are called o-bonds — some people call them “ sausage bonds ” because 
of their shape. It is, however, possible to have bonds whose electron 
clouds have a maximum density in other regions — -^-states can unite in 
this way to form what are called ir-bonds. 

OM: If it is the unpaired electrons which give rise to the bonds, 
it would seem that in the antimony structure of Fig. 68, and the 
tcllutjium structure of Fig. 66, the bonds should be at right-angles to 
one^^l^ther because the electron clouds of the three ^-states (Chapter 
I a) arc mutually perpendicular, 

YS: That’s quite right, and is in fact borne out by experiment. 
In selenium and tellurium, the angles between adjacent bonds in the 
long spiral chains are 105° and ioa° respectively, whilst in the doubly 
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layers of antimony and bismuth they are 96° and 94“. The bonds 
are thus slightly distorted from the 90° angles of the electron clouds 
of the free atoms, but the general principle is quite clear. Bonds of 
this Vind are almost pure A-bonds, and Fig. 74 is a highly diagrammatic 
representation of the electron cloud distribution in selenium and 
tellurium, 

OM: It seems to me that the whole principle goes wrong in the 
diaTnnnfl structure. Here each atom has four valency electrons, and 
the configuration in the free atom is (is)® (as)® (a^)®. We should 
therefore expect two /-bonds at right angles, with two others at some 
other angle. Or perhaps three /-bonds at right-angles, with a fourth 
in some other direction, whereas the actual structure is tetrahedral.' 

■ YS: That point often gives rise to difficulty. You are quite right 
in thinking that there are only three/ orbitals which are at right-angles 
to each other. In the case of tire diamond structure, the process of 
hybridisation sets in, and the electrons which give rise to the bonds 
are no longer in /-states or ^-states, but in a condition resulting from the 
superposition of the two. You may if you like regard the crystal struc- 
ture as derived from carbon atoms in the configuration (u)® (aj)^ (a/)® 
where there are four unpaired electrons, which can give rise to four 
bonds. These electrons exist in the hybridised condition, and it can 
be shown that in this state the bonds are directed tetrahedrally, and 
the electron clouds of the valency electrons are concentrated in the 
directions of the bonds. So the diamond structure can be looked on 
as a structure in which the electrons are shared between adjacent 
atoms, and the probability of finding a valency electron in the crystal 
is greatest in the directions of the bonds of Fig. 69, although the bonds 
are neither s- nor /-bonds, but a superposition of the two. It is impor- 
tant to note that when this kind of hybridisation occurs, the total 
number of orbitals available for bonding is unchanged. In the elements 
of die Short Periods there is the one s orbital, and the three / orbitals, 
making a total of four. The process of hybridisation affects the angles 
between the bonds, and hence the electron cloud distribution, but the 
maximum number of bonds remains at four per atom. 

OM: If that is so, it would seem that there, should be a possibility 
of more than four bonds per atom for the atoms of the transition 
elements. In the case of the iron group, for example, the transition 
process (Chapter 1 5) means that the energies of the (3d) electrons are 
not very different from those of the (41) and (4/) electrons, and so 
the (3d) orbitals should be available for bond formation. 

YS: That’s perfectly right. In the transition elements of the first 
Long PCTiod there are five (3d) orbitals, three (4/) orbitals, and one 
(41) orbital available for bond formation. This makes a total of nine 
orbitals per atom, and although all of these are not used in bond 
formation, there is no doubt tiiat the possible number of bonds per 
atom is ^eater than in the elements of the Short Periods. In the 
ferricyanideionFe (GN)(| for example" the iron atom gives rise to 
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Fig. 74 — Shows how the spiral chains of atoms in the crystal 
of selenium and tellurium (Fig. 66) are the result of the mutually 
perpendicular nature of the three p'.orhitals of each atom 

The inner electrons qf each atom are joined by a shaded region. The two impaired p~orbitals qf 
the valency electrons qf each atom coalesce with those adjacent atoms to form cSmplelely filled 
mbitals, each containing two electrons qf opposiU spins. The electron clouds which show electrons 
in each ca-oa^t bond are, of course, not really bounded by sharp surfaces but are diffuse. The 
sufaces in Fig. 74 are drawn to show the axial ^mmetry of (lie bonds, and about Jour fifths of 
the charge would be contained within the volumes shown 

six bonds, and the six (GN) radicals are situated at.tlie corners of a 
regular octahedron, and are bound to the iron atom by electrons in 
hybridised (j, p, d) orbitals. 

OM: In this kind of electron bonding of any importance from the 
point of view of the metallurgist? 

YS : The general idea of co-valcnt bonding is important in several 
ways. In the first place it gives a direct understanding of the cohesive 
forces in structures of the (8-JV) rule type. When one considers alloys, 
there is a number of inter-metsdlic compounds in which the forces 
between the atoms are essentially of the co-valent type. It is not, 
however, possible to draw any sharp dividing line between structures 
of this kind, and those of a purely metallic nature. An understanding 
of the simple co-valent bond is therefore essential if the structures 
of alloys are to be appreciated, and it is satisfactory to know that the 
theory of the co-valent bond is convincingly established. Apart from 
this some of the theories advanced by Pauling suggest that the cohesive 
forces ih the crystals of the transition elements are closely related to the 
processes of hybridisation referred to above, and we shall consider 
these later in connection with the transition elements. 
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20— Typical Metallic Crystal Structures 

O LDER Metallurgist: The (S-JV) rule structures to which you 
referred in Chapter 34 are very fascinating, and I can see how the 
apparently varied structures of these elements fit into one general 
scheme. These elements are all of a more or less electro-negative 
nature, and are not true metals. As far as I remember, the crystal 
structures of the metallic elements are in general of a much simpler 
nature. 

Young Scientist: That’s quite right. In Fig. ^5 I have reproduced 
the Periodic Table, omitting the non-metallic elements, and those 
whose structures follow the (8-jV) rule. If you consider the elements 
of the A sub-groups, including the metals at the beginning of the first 
two Short Periods, you will see that they all crystallise in one or more 
of three structures, the face-centred cubic, the close-packed hexagonal 
and the body-centred cubic structure. In manganese, j 3 -tungsten and 
uranium there are one or more allotropic forms with more complicated 
structures, but even in these elements there is at least one allotrope 
with one of the three typical metallic structures. 

OM: Am I right in thinking that the unit cell of the face-centred 
cube has one atom at each corner of a cube, and one atom at the centre 
of each face? 

YS : That’s right. The unit cell is shown in Fig. 76, and contains 
four atoms. 

OM: Surely that is wrong? There are fourteen atoms shown in 
Fig. 76. 

YS: You must remember that the crystal structure results from 
the repetition of the unit cell of Fig. 76 throughout the structure. 



[Onirttsy The Institute of Metals 
Fig. 76— The face-centred cubic structure 

There is one atom at each comer of the unit cell, and one atom at the centre of each face. If a 

is the side o1 the cube, the closest distance between two atoms is and each atom has twelve 
j a 

neighbours at this distance 
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Fig. 77 (a), (b), (c) and (d) 

It follows, therefore, that each atom at the corner of the unit cell is 
shared between eight adjacent units, and consequently counts as only 
one-eighth for any one cell. The atoms in the centres of tlie faces 
of the unit cell are shared between two adjacent cells, and consequently 
count as one-half for any one cell. Since the unit cube has eight 
corners and six faces, it is associated with 

(s X “ j -f ^6 X * j = 4 atoms. 

OM: I see. It seems that in the face-centred cubic structure, if a 
is the side of the unit cube, the closest distance between two atoms is 

— 0.7070, and that each atom has twelve neighbours at this 
distance. 

YS : That’s right — it is often expressed by saying that the co-ordination 
number of the structure is 12. From some points of view you can get 
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a more vivid impression of the structure by means of Fig. 77. Here 
I have shown eight unit cells, and I have represented each atom by 
a sphere of such a size that adjacent atoms touch one another. In 
Fig. 77(6) one atom has been removed from the corner of the cube, and 
you will see that this exposes six atoms, which form an equilaterjil 
triangle. In Fig. 77(c) these six atoms have been removed, and you will 
see how the structure consists of layers of atoms in hexagonal array. 
The spheres all fit together so that each has twelve close neighbours, 
and the structure is sometimes referred to as cubic close packing. The 
process shown in Fig. 77(a), (A), (c) could have been started from any 
one of the eight comers of the cube, and the dose-packed planes of 
atoms are therefore called the octahedral planes — ^in crystallographic 
notation they are the (in) planes. 

OM; But I thought you said that I was not to look on atoms as hard 
spheres. 

YS: That’s quite right. Fig. 77 is purely diagrammatic, and you 
must not look on an atom as having a sharp boundary surface. For 
some metals such as copper, silver, or gold, the picture is not really 
so very misleading. In these metals, as we shall see later (Chapter 29), 
the electron douds of the underlying ions (for example the (ir)* (ar)® 
(3-f)* (3^)® (3d)^"Gu+ions) overlap when the atoms are in the 
solid crystal. This overlapping of the ions produces intensive repulsive 
forces, and so the crystals of these metals can be regarded as composed 
of hard ions held in contact by the valency electrons. Fig. 77 is thus 
a reasonable picture of copper, silver, or gold, if you regard the surfaces 
of the spheres (ions) as being slightly diffuse, and the valency electrons 
as swimming about, and holding the ions together. But Fig. 77 
would be a very misleading picture of calcium (face-centred cubic), 
since in this metal the ions are relatively much smaller compared 
with the distance between two atoms. 

Fig. 78 shows the unit cell of the body-centred cubic structure. 
There is one atom at the centre of the cell and one at each corner, 
and you can easily see that the co-ordination number is 8. 



There is gne atom at each comer of the unit cell and one at the centre, If a is the side of the unit 

cell, the closest distance between two atoms is and each atom has eight neighbours at 

’ a 

this distance 


195 



ELECTRONS, ATOMS, METALS AND ALLOYS 

OM: Yes. I can see that each atom has eight close neighbours at a 
distance equal to = o.866a where a is the side of the cube. But 
it seems that each atom has also six neighbours at a distance equal to a; 
this is not very much greater than so should not the co-ordination 
number be called 14? 

YS; At distances of the order 3 X lO'® cm, the forces between 
atoms vary so rapidly with the distance that the difference between 
a and 0.866a is very marked, and die co-ordination number is properly 
called 8. But you are correct in saying that the difference between 
the sets of closest and next closest neighbours is not very great, and 
some writers do describe the co-ordination number of the body-centred 
cubic structure as 14. If tliis is done it is better to distinguish between 
the two sets of neighbours by writing the co-ordination number as 
(8 -I- 6). 

OM; Am I right in thinking that the body-centred cubic structure 
is not so close-packed as the face-centred cube? 

YS; Yes. In Fig. 79(a) and {b) I have drawn the body-centred 
cubic structure wilh die atoms represented by spheres which touch 
along the lines of closest approach of two atoms. If you compare this 
with Fig. 77 you will see that there is much more empty space than in 
the face-centred cube. 

OM ; It would seem that Fig, 79 is a bad picture of an alkali metal, 
because you said before (page 97, Part I) that the electron clouds of 
the ions of the alkali metals were very much smaller than those of the 
atoms as a whole. 

YS; That’s right. Fig. 79 is completely misleading as a picture 
of an alkali metal, but it is not altogether misleading as a picture of 
a-iron (ferrite), since here the electron clouds of the ions are relatively 
very much larger, and at the distances of closest approach in the solid 
metal they overlap and produce a repulsion. 

OM: In that case, I don’t understand how I am to look at a crystal 
of an alkali metal. 

YS: The alkali metals all crystallise in the body-centred cubic 
structure, and you are to regard a crystal, of say, sodium, as consisting 
of an array of relatively small Na + ions swimming in regular array in 
the electron cloud of the valency electrons. 

OM: I can understand your picture of copper with the ions pulled 
into contact, but your picture of sodium seems more diflicult because 
there is nothing to hold the ions apart. 

YS : Let us suppose that we imagine the body-centred cubit struc- 
ture of sodium^ to be gradually expanded or contracted, so that the 
structure remains the same, but the distance between the atoms is a 
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variable. It is then possible to calculate the energy of the valency 
electrons, and of the crystal as a function of the distance between the 
atoms. The calculations then show that the energy of the crystal as 
a whole has a minimum value at a certain interatomic distance which 
is determined mainly by the characteristics of the valency electrons. 
It is this value of the interatomic distance which corresponds with 
stable equilibrium, since when the atoms are at this distance apart 
the electronic energy increases both when the solid is expanded or 
compressed. In a sense, therefore, we may say tiiat in the alkali 
metals the valency electrons are responsible both for the attractive 
forces and for the repulsive forces. It is this fact which makes the 
alkali metals of such great theoretical interest. They are too reactive 
to be of much practical value, but the fact that many of their properties 
depend almost entirely on the valency electrons means that these 
, properties can be used to test relatively simple theories of metals 
which can later be elaborated to deal with metals in which the elec- 
tronic processes arc more complicated. 

OM; I have heard the close-packed hexagonal structure described 
as one of close-packed spheres. Does this mean that it resembles the 
face-centred cubic structure? 

YS: Figs. 8o and 8i show the unit cell of the close-packed hexagonal 
structure, and you will see that in this structure the atoms are arranged 
in hexagonal close-packed layers, stacked above one another so that 
the third layer is vertically over the first. If c is the height of the unit 
cell in Fig. 8o, and a the length of one of the sides of the hexagon, 
the ratio eja is called the axid ratio. Each atom has six neighbours 
in its own layer at a distance equal to a, and six other neighbours, 
three in the layer above and three in the layer below at a distance equal 

to . /— -|- -. If the axial ration - is equal to \/- = twelve 

V 3* 4 o ^ ^ 3 . . 

neighbours are at the same distance a, and the co-ordination number 
is 13 . In actual metals the axial ratio is usually slightly different from 
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Tig. 8o— The close-packed hexagonal structure 

The atom are arranged in layers in hexagonal amp>, situated above one another as shorn. 
If c is the height if the mil, and a the length of the side of the hexagon, each atom has six close 
neighbours in its oum layer at a distance a. It has also three neighbours in the layer above, and 

R . 

three in the layer below at a distance 'y "T H — >■ 


If the axial ratio ~ is i >633 all twelve neighbom.': arc at the same distance 




8 


-, and the twelve close neighbours fall into two sets of (6 + 6). 

For normal metals — ^zinc and cadmium are abnormal (see page 203) — 
tlie axial ratios vary between about 1.57 and r.64, so the departure 
from the value corresponding with the close packing of perfect spheres 
is not very great. 

OM: From Figs. 77 and 81 it seems that both the face-centred 
cubic, and the close-packed hexagonal structures correspond with 
hexagonal layers laid on top of one another. 

YS: That’s right. They differ from one another in that the close- 
packed hexagonal structure has the layers arranged so that the third 
layer is vertically over the first, whereas in the face-centred cubic 
structure the fourth layer is vertically over the first. You can under- 
stand this by means of Fig. 82(a), which shows one layer of spheres 
packed closely in hexagonal array. Now suppose you are going to 
place a second layer on top of the first layer. Then, as you can see 
from Fig. 82(4), the centres of the spheres in the second layer may be 
either over the points marked XXX . . ., or over those marked YYY 
. . . Let us suppose we put them in the X positions as in Fig. 82 (c) . Then 
there are two alternadves for the third layer: either this may go 
vertically over the spheres in the first layer, giving rise to the close- 
packed hexagonal arrangement, or the spheres in the third layer may 
be vertically over the position YYY . . ., and then the fourth layer can 
be put vertically over the first — it is this second alternative which 
gives the face-centred cubic structure. If we call the three sets of 
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Fig. 8i — The close-packed hexagonal structure 


positions A, B, and C, the close-packed hexagonal structure has suc- 
cessive layers in the order ABABAB . . . whilst in the face-centred 
cube the arrangement is ABCABC . . . 

OM; I’m afraid I find it very difficult to see that from Fig. 77. 

YS: It isn’t easy to see the repetition fi’om Fig. 77, but in Fig. 83 
I have drawn the face-centred cubic-structure so as to show the 
characteristic ABCABC . . . arrangement. 

OM; This seems to suggest that the face-centred cubic and close- 
packed hexagonal structures are very like one another. 

YS : That’s quite true, and Fig. 84 shows the relation in an alterna- 
tive way. You will also see from Fig. 75 that there are many cases in 
which transition metals crystallise in both structures, one being stable 
above and the other below the so-called transition ternperatiire. 

, This general resemblance between the two structures has been 
further emphasised by the work of Lipson on the structure of cobalt. 
This element in the low temperature modification has the close-packed 
hexagonal structure with the layers arranged ABABAB ... By suit- 
able heat treatment it is possible to obtain cobalt in a structure in 
which occasional faults exist so that an arrangement such as 
ABABCBCBCBABAB ... is found. In such structures the spacing 
between the close-packed layers remains constant and gives rise to 
sharp X-ray reflections, but the faulting produces diffuse lines for 
X-ray reflections from other planes. 

OM?From Fig. 77 it is clear that the face-centred cubic structure 
has four sets of close packed planes because the opposite sides of a 
regular octahedron are parallel. From Fig. 81 it looks as though the 
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Fig. 8z 
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phne^tire close-packed 

are there others which are not shown in Fig. 8i ? 

one set ciose^-naHTP^'l?! hexagonal structure there is only 
with the mechaniVnl rP importance in connection 

metals are deformed because when single crystals tof these 

on the close-packed ly. the process is equivalent to a slipping 

aose packed planes in the direction of the close-packed rows 
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/b this figure the face-centred cubic structure is drawn so as to show how the structure results 
from elose-f ached Jeffers string on one another so that the atoms in the fourth layer are vertically 
over tlwsem the first. This tsshozem in the left-hand figure, while in the right-hand figure one 
addttioruU aUm has been added so as to show one side of the face-centred cube. Fig. 84 (below) 
shows the relation between the close-packed layers and the unit face-centred cube in anoAer way 
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Fig. 84 

In the face-centred cubic structure there are four sets of these close- 
packed slip planes, whereas in the close-packed hexagonal structure 
there is only one set. 

OM : In the body-centred cubic structure of Fig. 79 there do not 
seem to be any close-packed layers, and so I suppose’ the deformation 
process may be different. 

YS: That’s a very interesting point. In the body-centred cubic 
structure the deformation occurs by slip parallel to one of the closely 
packed rows of atoms in- Fig. 79^, but the tendency to slip on one 
definita plane is less marked. In general, deformation does occur by 
slipping on one or more planes in the [iii] direction, but the exact 

These are called the [l 1 1] directions. 
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Fig. 85 

plane chosen varies from one metal to another, and for a given metal it 
may vary with the temperature. This is in contrast to the behaviour 
of the face-centred cubic and close-packed hexagonal structures where 
the slipping is nearly always parallel to the close packed atomic planes. 

OM: It is clear that the face-centred cubic, and close-packed 
hexagonal structures are close-packed assemblies of spheres, and that 
the body-centred cubic structure is a more open arrangement. This 
suggests that there will be larger holes between the atoms in the body- 
centred cubic structure, and that relatively small atoms will fit more 
easily into this structure than into cither of the close-packed arrange- 
ments. 

YS: That’s a rather confusing point. In so far a.s the atoms may 
be regarded as spheres, there is more empty space in the body-centred 
cubic structure. But if you consider fitting a small .spherical atom into 
the holes between larger spherical atoms of a given radius R, you 
find that the face-centred cubic or close-packed hexagonal structures 
can accommodate a larger atom than the body-centred cube. If you 
looked at Fig. 79(0), you might think there was a relatively large hole 
at the centre of each cube face. Most careful examination will show, 
however, that owing to the curvature of the atom at the centre of the 
cube, and the similar aurvature of the atom at the centre of the adjacent 
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cube, there is room for only a very small sphere at the centres of the faces. 
Each hole at the centre of a cube face lies at the centre of a distorted 
octahedron formed by joining up the four atoms at the corners of a 
cube face separating two unit cells to the two atoms at the centres of the 
cells. Simple calculation will show you that this hole will accommodate 
a sphere not more than o. 1 54 where R is the radius of the large spheres. 

OM: It seems that a small atom in the hole at the centre of the cubic 
face will have a very unsymmetrical set of neighbours, and I should 
imagine there are larger holes slightly to one side. 

YS : That’s right. The largest holes in the body-centred cubic struc- 
ture are in positions such as those shown in Fig. 85, and these have four 
neighbouring atoms arranged tetrahcdrally. These holes will accom- 
modate spheres of radius 0.291 R. 

OM: In the face-centred cubic structure, the largest holes are clearly 
at the centre of the unit cube, and at the centre of the edges, and each 
of these is surrounded by six neighbours. 

YS : The six neighbours lie at the corners of a regular octahedron, 
and so the largest holes are often called the octahedral holes, or octa- 
hedral interstices. Calculation shows that these will contain spheres 
of radius 0.41 R, where R is the radius of the large spheres of the face- 
centred cube, and so you will see that, for a given size of spherical 
atom, the face-centred cube has a larger hole that the body-centred 
cube. 

OM: From their general similarity, I should imagine that applies 
also to the close-packed hexagonal structure. 

YS: Yes. The close-packed hexagonal structure has octahedral 
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Fig. «7 

To show the relatim between the close-pqcked hexagonal structures of ihic and cadmium (a) 
and the normal close-packed hexagonal structure (i). When compared with the normal structure, 
the unit cell of zinc and cadmium is stretched out in the direction of the e-axis 
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holes at positions such as those marked X in Fig. B6. It has also got 
tetrahedral holes at positions such as Y, and if you look carefully at 
Fig. 77 you -will be able to see the corresponding tetrahedral holes in 
the face-centred cubic structure; they accommodate spheres of radius 
0.825 R, 

OM; The structures of the metals of the A sub-groups are cer tainl y 
very simple except for mangtuiese, tungsten, and uranium. From 
Fig. 75 it seems that copper, silver, and gold all crystallise in the 
face-centred cubic structure, but the crystal structures of the remaining 
true metals of the B sub-groups seem a rather confused jumble. 

YS: The position is not really quite as bad as that. Zinc and cad- 
mium crystallise in a curious modification of the close-packed hexa- 
gonal structure in which the axial ratio is approximately i .9. This 
is shown in Fig. a7(fl), and, by comparison with Fig. 87(6), you will 
see that it is equivalent to a normal close-packed hexagonal structure 
stretched out in the direction of the c axis. Each atom has six close 
neighbours in its own layer, but the neighbours in the next layers 
above and below are very much farther away; and so the co-ordination 
number is 6, 

Curiously enough the crystal structure of mercury, although quite 
different from that of zinc, is also one in which the co-ordination 
number is 6. This structure is shown in Fig. 80 , and is simple rhom- 
bohedral. There is one atom at each corner of a rhomljohedron, so 
that each atom has six close neighbours. 

OM: That means that the structures of the Group II B elements 
obey the (8-jV) rule. Is that so? 

YS: Considered empirically, the structures in Group II B do satisfy 
the (8-JV) rule, but you can readily see that there can be no question 
of simple co-valcnt bonds. Each zinc atom has only two electrons, 
and so it cannot form co-valent bonds with six neighbouring atoms. 
It is certainly very suggestive that the (8-jV) rule seems as it were to 
turn up again in Group II B, but it is not known whether this is of 
real significance. 

OM: Of the true metals, that leaves only gallium, indium, thallium, 
white tin and lead. Have they any special characteristics ? 

YS : The crystal structure of gallium is very complicated, and the 
reason for this is unknown. I think therefore we can leave the details 
of this structure, and concentrate on the remaining four elements 
indium, white tin, thallium and lead. 

OM: That'reminds me of a point which you have not made clear. 
The general principle^ underlying the (8-jV) structures is very simple. 
But why does the principle break down in the case of lead? This 
is a mue met^, and crystallises in the face-centred cubic structure, and 
not in the diamond structure as I should have expected from your 
description. , 

YS: That’s a very interesting point, and you are quite right in 
saying that lead is a true metal and does not crystallise in the diamond 
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Fig. 88 — ^The crystal structure of mercury. The structure is 
simple rhombohedral and each atom has six close neighbours 


type of structure. What happens is the result of two general processes. 
On the one hand, as I have already explained (page 1B3) the co-valcnt 
linkages become less stable with increasing atomic number, and so 
the tendency to form (8-JV) rule structures decreases on passing from 
Si->Ge~>Sn->Pb. On the other hand, as we saw in Part I (page 114), 
the stability of the sub-group of two s electrons increases with in- 
creasing atomic number. The result is that in lead where the free 
atom has its outermost electrons in the (6f)* (6/1)® grouping, the ( 6 r)® 
sub-group is so stable that it persists almost unchanged in the solid 
metal — it is the same process as that which makes tlie Pb++ salts 
more stable than many of the tctravalcnt lead compounds. In the 
crystal of lead it is probable that only two of the four valency electrons 
arc available for cohesion, and hence the diamond structure is not 
formed. This has not been determined by direct experiment, but has 
been inferred from a study of the interatomic distances in the crystab 
of the elements, and we shall consider these later. 

OM: It would seem that if your explanation is correct, thallium 
should be something like a univalent metal, because the univalent 
T 1 + thallous salts are more stable than the trivalent thallic salts. 

YS : That’s right. Thallium crystallises in typical metallic structures 
— close-packed hexagonal at low temperatures, and body-centred 
cubic above a3o'’G. Here again the interatomic distances suggest 
that the (61)® sub-group of electrons persists unchanged, and that only 
one electron per atom is concerned in the cohesive process. Similarly 
in indium the interatomic distances suggest that the (5J)* sub-group 
is fairly stable, and that the solid element is more like a univalent than 
a trivalent metal. In this case the crystal structure is face-centred 
tetragohal, but as you will see from Fig. 89 the axial ratio is so nearly 
unity that the structure is really only a very slightly distorted form 
of the typical face-centred cubic structure. In white tin the structure 


205 



KLECTRONS, ATOMS, METALS AND ALLOYS 


• 

LSI 

• 

• 

k 

a 

a > 



Face-centred cube 


l-OSa 

1 


Indium structure 
\CouTle^ The Institute uf Metals 



tig, 8g — ^To illustrate tbe structure of indium 


The sbuelttre is face-centred tetragonal ttiWi axial ratio ^ = t .08. The right-hand figure shows 
that this structure is equivalent to a face-centred cuiie structure slightly stretched along one axis 


is more complicated, although it is truly metallic, and here again the 
interatomic distances suggest that the (5J)* sub-group is persisting 
to some extent in the solid element. There is a good deal of evidence 
that the four metals 

In — Sn (white) 

Tl- Pb 

form a little group of elements which are true metals, but in which the 
(5j)® or (6r)® sub-groups of electrons are so stable that they are either 
unavailable or only partly available for bonding purposes. 

OM: Then does this mean that thallium enters alloys as a univalent 
element? 

YS : Oh, no ! That doesn’t necessarily follow, and the whole story 
is not yet known. For example, thallium dissolves in magnesium as 
a typical trivalent element. 

In general, however, you will see that tlie crystal structures of the 
metallic elements are surprisingly simple. There are a few exceptions 
such as Mn, j?W, U, Ga and white tin. Apart from these, the three 
typical structures cover nearly all the elements except those of Group 
II B, and except for indium which is but a slightly distorted form of the 
typical face-centred cube. 

ifOTE. — With the meption ef ^gs, 73 and 88 the illustrations in this chapter are reproduced by courtesy of 
Ttu Inslitute of Metait from ** The Structure afMelaU and Alloys/* by Wa Hume^Jtothery and G, K. Haynovo 
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O LDER Metallurgist: It seems to me that if one surveys the 
structures of the metallic elements as a whole, they are char- 
acterised by high co-ordination numbers. At the same time, the 
atoms have comparatively few valency electrons per atom, and so the 
structures cannot be accounted for by the general type of co-valency 
theory which was so successful for structures of the (8-jV) rule type. 

Young Scientist: That’s quite correct. Go-valency structures of 
the (8-JV) rule type cannot be formed if the atoms have fewer than 
four valency electrons. In the case of silicon (diamond structure), for 
example, each atom, has four valency electrons, and shares one with 
each of its four neighbours, and in this way Acquires a share in a 
complete octet. On passing back to the next element aluminium 
(face-centred cubic) each atom has only three valency electrons, but 
the crystal structure is such that every atom has twelve close neigh- 
bours. The number of electrons present is clearly insufficient for an 
atom to form twelve co-valent bonds, and if we look on the matter 
in a very crude way we can say that on passing from silicon to alumi- 
nium a new kind of linkage will have to come into being, the charac- 
teristic of which is that on the average only a fraction of an electron 
is available for any one bond. 

OM ; That reminds me of one other point. You have spoken of 
the tetrahedral diamond structure as resulting from co-valent bonds 
in which an atom shared one of its electrons with each of its four 
neighbours. But I am not sure whether this means that I am to 
regard a given electron as being associated with one particular bond, 
so that an electron spends the whole of its time in the region between 
two particular atoms. 

YS : No. The valency electrom are to be regarded as in continual 
circulation through the crystal. If you could take an instantaneous 
picture of the valency electrons in the crystal, the probability of 
finding an electron in the region of the bonds would be very much 
greater than the probability of finding it somewhere else, that is, the 
electron cloud density of the valency electrons is greater in the direction 
of the bonds. But the whole swarm of valency electrons is to be 
regarded as being in constant motion throughout the crystal. 

OM : But if that is so, surely the diamond should be a conductor, 
and not an insulator? 

YS: That doesn’t follow at all. The existence of electrical con- 
ductivity requires not merely freedom of motion of the electrons, but 
also the possibility of obtaining a resultant flow in a particular direction. 
The difference between a metal and an insulator is not that the 
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electrons are free to move in the one, and bound in the other. It k 
rather that in the insulator the electrons occupy a group of states, 
the electronic motion of which does not produce resultant flow in any 
direction, and which are such that the application of an electric field 
cannot transfer the electrons to new states outside this group. The 
result is that although the electrons are free to move, an electric field 
cannot produce any resultant flow. In contrast to this, the occupied 
electron states in a metal are accompanied by other states into which the 
electrons may enter when a field is applied, and in this way a resultant 
flow in the direction of the field can be produced. It is in fact in this 
connection that the application of the general theory of Brillouin 
Zones has been most successful. 

OM: Do you mean to say that tlie Brillouin Zone theories can be 
applied to crystals like the diamond ? 

YS: The Brillouin zone theories have been applied directly to the 
diamond structure — this gives rise' to a zone which contains four 
electrons per atom, and is surrounded everywhere by an energy dis- 
continuity. 

OM: I’m afraid I find this all very confusing. You seem to be 
using two quite different kinds of picture. In your description of the 
zone theories you dealt with the behaviour of electrons in a periodic 
field, and you said nothing about electron densities, or co-valent bonds 
or hybridised orbitals or anything of that kind. On the other hand, 
in your description of the co-valency (8-jV) rule structures you did 
not say anything about the electronic energies or J^{E) curves. The 
two theories seem to be quite different and antagonistic. 

YS: No. That’s not right. The two theories are to be looked upon 
as complementary rather than antagonistic. The co-valency theory 
serves to emphasize that the electron density is greatest in the direction 
of the bond, and that the bond requires two electrons which must have 
opposite spins. The zone theories emphasize that the electrons belong 
to, and are free to move through the crystal as a whole. Each em- 
phasizes one part of the truth, and the complete theory will require 
the two together. 

OM: That reminds me of another objection I felt about your 
description of the zone theories. In Chapters i8 and ig you explained 
how the soft X-ray spectroscopy showed that in the crystal of a metal 
the energy levels of the outer electrons of the free atoms had broadened 
into a range, and how hybridized orbitals arose when two bands 
overlapped. But in all this description of the zone theories you have 
simply spoken of electrons moving in a periodic field, and you have 
said nothing about j-states or j!)-3tates, or hybridized orbitals. Surely 
your theory is all much too simple, and the valency electrons in a 
metal must have some of the characteristics, j-states, etc., of their 
behaviour in free atoms. .. 

YS: What you say is true. The simple theory of the periodic field 
IS an approximation only and it requires further elaboration before it 
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Fig. 90 


is complete. But this does not mean it is valueless. You will remember 
that the enormously over-simplified free electron theory did show in a 
remarkable way some of the characteristics of electrons in metals, and 
the general raplanation of some effects still holds in the more complete 
theories. In the same way the simple theory of electrons in a penodic 
field explains a further set of properties, and some of the general 
explanation still holds in the more complete theories. You should 
never reject a theory because it is too simple — in fact, sometimes it is 
the over simplification which serves to reveal the essentials free from 
the complications of secondary effects. 

OM : I must say, I think it’s all rather doubtful, but let us see how 
you do account for the difference between insulators and conductors. 

YS: Let us suppose that Fig. go shows a Brillouin zone for a hypo- 
thetical two-dimensional metal, and that tiie energy discontmuity 
at the boundary is so great that as increasing numbers of electrons 
are introduced into the crystal, all the states of the first zone are filled 
before any electrons enter the states of the second zone. Suppose we 
imagine the crystal to contain one single electron, and that this is in 
a state P. Let us now imagine an electric field to be applied in me 
direction shown. Then the effect of the field is to change the wave 
number k in the direction of the field, and the ^cteon passes through 
a series of states pi, p^, pi, as shown in Fig. go. 

until the electron reaches a state on the zone bound^— the point a 
in Fig. 90. The calculations then show Aat even if me step up m 
energy at the zone-boundary is comparatively small, there is only a 
very slight probability of the electron passing into a state m the nrat 
zone and, instead of doing this, the electron state jumps from the 
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State a to the state b in Fig. go ; this process corresponds with a Bragg 
reflection in the lattice planes. Under the influence of the electric 
field the electron then passes through the series of states b^, 6^, 6, . . 
in Fig. go until the zone boundary is reached at c, and at this state it 
passes into the state d, and so on. The general effect of an electric 
field is thus to change the wave number in the direction of the field 
until a wave number on the zone boundary is reached, when an abrupt 
transition occurs, as explained above. But in general, an electric 
field will not cause an electron to pass from a state in one zone to a 
state outside that zone. 

OM : Then when you have a whole lot of electrons instead of one 
alone, does the same general process occur except that an electron can 
only enter a state which is not already occupied by an electron of the 
same spin? 

YS : That’s right. And now consider what will happen if the number 
of electrons present is just sufficient to fill all the states of a zone? 

OM: Oh, I see! You mean that if all the states are occupied, and 
if an electric field can never transfer an electron to a state in the next 
zone, then as electrons are indistinguishable, the application of an 
electric field cannot produce a change in the distribution of the elec- 
trons as a whole among the different states, and hence cannot produce 
a conductivity. 

YS: Exactly. This is tlie way in which the zone theories have 
thrown light on the properties of insulators. In the old days it was 
thought that the difference between an insulator and a metal was that 
in the former the electrons were more firmly bound. But it was soon 
realised that although differences in the strength of the binding might 
affect the electrical resistance by a factor of lo or too, they could never 
account for the enormous difference between the resistance of a pure 
metal on the one hand, and of an insulator such as the diamond on 
the other. The Brillouin zone theories have supplied an explanation; 
the picture of an insulator which they present is one in which all the 
valency electrons are free to move, but in which the number of electrons 
per atom is such that they exactly fill the electron states of one or 
more zones, the outermost of which is not overlapped by the next 
zone. Under these conditions the electric field cannot produce an 
alteration of the distribution of the electrons among the different 
energy states, and so cannot produce a resultant flow in any one 
direction— we are of course, ignoring the effects of very strong electric 
fields which produce the breakdown of an insulator. 

OM: You haven’t made it clear how the motion of the electron is 
to be visualised in Fig. go. When the electron is in a state P, is it 
moving in the direction OP? 

YS : That’s a very important point, and one on which it is easy to 
go wrong. If we are to imagine the electron as moving about'within 
the_ crystal, we have to think of it as a wave group or wave packet 
which is smaller than the crystal. The velocity of the electron is thus 
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the velocity of tlie wave group, and this as we explained in Chapter g 
is equal to 

dv 



For electron waves this group velocity is proportional to as you 

can readily see from the relations in Chapter 8. In Figs. 59 and 61 
we have drawn the limits of the occupied states as the number of 
electrons per atom is increased. These bounding curves are called 
energy contours because they connect states of equal energy. You will 
see therefore that the direction of motion of an electron considered as 
a wave packet is perpendicular to the A-space energy contour of the 
electron states concerned. If the energy contours are circles as in 
Fig. gf (a), then the wave packet is built up of a little group of states 
in the region of the point P, and the direction of motion of boA the 
waves and the wave group is that of OP. If, however, we consider a 


211 


ELEC3TRONS, ATOMS, METALS AND ALLOYS 

point near to the surface of the zone, where the energy contours arc 
distorted as in Fig. 91(A), then the direction of the waves is OP, but 
the direction of motion of the wave packet is perpendicular to the 
energy contour, as shown by the arrow in Fig. 91(A). 

OM: That seems to imply that waves moving in one direction can 
build up a wave group moving in another direction. 

YS : That’s quite right, and it is one of the differences between the 
behaviour of free electrons and of electrons in a lattice. With free 
electrons the waves and the wave group move in the same direction, 
but with electrons in a periodic field a group of waves moving in one 
direction may produce a wave packet moving in another direction. 
It is not possible to form any simple picture of how this happens — 
it’s just one of the consequences of wave mechanics. 

OM; This is all veiy confusing, and it seems to me that it must be 
wrong. 

YS: What makes you think that? 

OM: You have explained that under the influence of an electric 
field the wave number k changes in the direction of the field as you 
have shown in Fig. 90. Now if the direction of motion of the electron 
itself were the same as that of the waves, this would mean that the 
electron was accelerated in the direction of the field. But if the energy 
contours are distorted from the circular form — or the spherical form 
for a 3-dimensional crystal — then your statement implies that as the 
wave numbers pass through a series of states, the directioit of motion 
of the electron as a wave packet changes so as to keep continually 
perpendicular to the energy contours as I have indicated by the 
arrows in Fig. 9i(r). This would mean that the force and acceleration 
were not in the same direction, which is surely absurd ? 

YS: No. It is in fact exactly what happens. Your logic is quite 
right, and although the effects are very difficult to understand, they 
must be accepted. Where the energy contours are circular in Fig. 
91(c) (spherical in a 3-dimensional crystal), the effect of an electric 
field is to change the wave number in the direction of the field, and 
the wave group which represents the electron itself is accelerated in. 
the same direction. But for energy states near the surface of the zone, 
the energy contours are distorted, and the application of an electric 
field accelerates the electron in a direction which is not that of the 
field itself. It is essential to realise that near the surface of the zone 
it is the wave number which changes in the direction of the field, and 
not the group velocity. 

OM: This is all very perplexing, and it would seem that electrons 
in states near the top of a zone must have properties very different 
from those of free electrons. 

YS: That is so. Speaking generally one may say that electrons 
in states near the bottom of the first zone behave very like free electrons, 
and the same applies to electrons in states at the bottom of later zones. 
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In contrast to this, electrons in states near the top of a zone where 
the energy contours are distorted may behave quite differently. It is 
in this way that the Brillouin zone theories have explained die opposite 
signs of some of the galvano-magnetic and thermo-magnetic effects 
in different elements. When a metal is submitted to the simultaneous 
action of a magnetic field and an electric field, or of a magnetic field 
and a temperature gradient, various different effects (for example the 
Hall Effect) may be produced, and it was always rather a puzzle why 
these sometimes had the directions expected for free electrons, and 
sometimes the opposite direction. The zone theories have explained 
this by showing how electrons in states near the top and bottom of a 
zone may behave quite differently. 

OM: I see that in Fig. 91(6) the energy contours bend round so 
that they are perpendicular to the zone boundary at the point where 
they meet it. This seems to imply that for electron states on the 
surface of a zone, the velocity of the electron has a zero component 
perpendicular to the zone face. 

YS : That’s right. For electron states on the surface of a zone the 
velocity has a zero component perpendicular to the zone boundary. 

OM : If this is so it would seem that electron states at the corner of a 
zone where two edges intersect — or three faces in a three-dimensional 
model — have a zero velocity. The same would apply to electrons in 
states such as a in Fig. 9 1 (6) . Does this mean that these electrons are 
stationary in the lattice? 

YS : That’s, a very difficult point The electrons are not stationary 
in the lattice. 

OM: But from what you have said above, the velocity must be zero 
in such cases. 

YS; It all depends on exactly what you mean by velocity. The 
electron can only be thought of as a wave packet, and this wave 
packet has a zero velocity for the electron states to which you refer. 
If you imagine the electron located so precisely that you consider its 
velocity in the region of any one atom, its velocity might be in any 
direction, the average velocity in any given direction being zero. In 
such cases it is perhaps justifiable to say that the electron is under- 
going rapid changes in motion, but these changes are within the 
length of the wave packet, and so they cannot be visualised in the 
form of trajectories. You will remember that we saw before (Chapter 
9) that we could never say what went on within the wave packet, 
and this is one of the cases in which wave-mechanics leads to a condition 
of affairs which cannot be interpreted in terms of “ common sense 
dynamics.” The energy of these particular electrons is thus neither 
purely potential energy, nor to be thought of as kinetic energy of long 
range translatory motion of the electron through the metal. It is 
energy in a form characteristic of the interaction between the wave- 
like characteristics of the electron, and the periodic field of the lattice. 
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OM: Then when you say that electrons in states on die surface 
of a zone have a velocity whose component perpendicular to the zone 
face is zero, does this mean that the electron’s velocity perpendicular 
to the zone face is continually changing backwards and forwards? 

YS ; Yes. You may if you like say that electrons in states on the 
surface of a zone are undergoing repeated Bragg reflections backwards 
and forwards across a set of atomic planes, so that on the average the 
component of velocity perpendicular to the zone face is zero; but these 
repeated reflections occur within the length of the wave packet, and 
so they cannot be visualised in the form of a definite trajectory. 

OM: You spoke some time ago of semi-conductors. I understand 
how substances such as silicon are only weakly metallic, but is there 
any really characteristic difference between a metal and a semi-con- 
ductor? 

YS: Speaking generally the electrical resistance of a normal metal 
is increased by rise of temperature or by the introduction of atoms 
of another metal to form a solid solution. In contrast to this the 
resistance of a semi-conductor is decreased by the presence of im- 
purities, and generally decreases with rise of temperature. 

We may consider first a substance whose zone characteristics are 
shown in Fig. 92. Here a completely filled zone is separated from the 
next zone by a very small energy gap. At the absolute zero, this 
substance would be an insulator, but on raising the temperature 
electrons might be excited thermally from states at the top of the filled 
zone into the lower states of the next zone, and after being excited in 
this way the electrons could behave as free electrons with all the states 
of the second zone at their disposal. It is important to note that it is 
the thermal excitation, and not the action of the electric field which 
excites the electrons into the higher zone. Pure graphite is a semi- 
conductor of this kind, and you can understand why the resistance 
diminishes with rise of temperature — the higher the temperature, the 
greater the number of the excited electrons, and hence the more 
electrons available for conductivity. 

A substance like pure graphite may be called an intrinsic semi- 
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conductor, but there is now increasing evidence that most sertii- 
conductors owe their properties to the effect of impurities. In such 
cases the condition of affairs may be as shown in Fig. 93, where a 
filled zone is separated by a small energy gap from the next zone, and 
the impurity atoms introduce new energy states which lie in the range 
between the two zones. In this case when the temperature is raised 
one or both of two processes may take place. On the one hand electrons 
may be excited thermally from the impurity levels to the second zone 
where they will be free to act as conduction electrons. These excited 
electrons will be in states at the bottom of the second zone, and so 
they will have most of the characteristics of ordinary free electrons 
(pa^e a 1 2). Semi-conductors of this type are often called n type 
semi-conductors. You can readily see that if the concentration of 
impurity atoms is very small, there will be a limit to the number of 
electrons which can be excited into the second zone. On raising the 
temperature a stage may be reached at which nearly all the electrons 
have been excited, and with further rise of temperature the resistance 
may increase in the ordinary way owing to the increased amplitude 
of the thermal vibrations. 

In another class of impurity semi-conductor, electrons may be 
excited from states at the top of the first zone into the impurity levels. 
This type of substance is called a p type semi-conductor, and since 
the excitation leaves a few unoccupied states at the top of the first 
zone, the application of an electric field will be able to alter the elec- 
tronic distribution, and so to produce a conductivity. But in this case 
the unoccupied states will be those near to a zone boundary where the 
energy contours are distorted, and the behaviour of electrons is very 
abnormal (see page 213). Here again saturation effect may be shown 
if the number of impurity atoms is small. It is in this way that Ae 
zone theory Is able to explain the existence of semi-conductors with 
both normal and abnormal properties, and in many cases it is found 
that the properties of a semi-conductor are extremely sensitive to the 
presenqp of impurities. 

OM: From what you say it would seem that the electrical con- 
ductivity of a normal metal must result from the number of electrons 
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per atom being such that there is a relatively large number of un- 
occupied states in the outermost of the zones concerned. 

YS : That’s right. In general, metals have overlapping zones, and 
the number of electrons per atom must be such that the zone con- 
cerned with conductivity, has plenty of unoccupied states. Fig. 94, 
for example, shows the general position in a univalent metal. Since 
there is one valency electron per atom, the first zone is only half filled, 
and there are plenty of empty electron states into which the electron 
can pass under the influence of an electric field. Fig. 95 shows the 
condition of affairs in a divalent metal where the first and second 
zones overlap. Here there are two valency electrons per atom, and 
these occupy most of the states of the first zone, and a few of the lower 
states of the second zone. With a trivalent metal with three valency 
electrons per atom, all the states of the first zone would be occupied, 
and would account for two electrons per atom. The exact position of 
the overlaps would then determine whether the remaining electrons 
were all in the second zone, or whether some were in the second, and 
some in the third zone. 

OM: That is very interesting, and it seems to explain several points 
that had puzzled me. When you said that the valency electrons were 
free to move in the lattice, it seemed to me at first that the electrical 
conductivity ought to increase with the valency, because the higher 
the valency the more electrons would be available. But this is not so. 
It is well known that the univalent metals — the alkali metals, and 
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copper, silver and gold — have the highest conductivities. If I have 
understood you rightly, in a case such as that of Fig. 96, the electrons 
in the first zone form, as it were, a complete group which cannot give 
rise to a conductivity because the electric field cannot transfer them to 
states in the next zone. So the number of electrons available for con- 
ductivity in a trivalent metal is not three times as many as those in a 
univalent metal. 

YS: That is quite right, and it is one of the great triumphs of the 
zone theories that they give a satisfactory explanation of the fact that 
the number of electrons effectively available for conductivity does not 
necessarily increase with the valency of the metal. 

OM : As the temperature is raised, the resistance of a normal metal 
increases, but it always seems rather diflicult to understand this, 
because one would imagine that as the metal expanded, the space 
available for free electronic motion would increase. 

YS ; That difficulty is explained by the wave-like properties of the 
electrons.. As the temperature is raised the atomic vibrations increase, 
and the perfect periodicity of the lattice is diminished. Anything 
which disturbs the regularity of the lattice diminishes the freedom of 
motion of the electrons. It is common practice to say that the electrons 
undergo collisions with the atoms, but this is a rather misleading term, 
because the process is not to be thought of as a collision between a 
bullet-like electron and a spherical atom. The process is the inter- 
action between the wave system of the electron and the vibrating 
field of the lattice, as the result of which an electron is scattered into a 
new state. It is quite easy to show that the probability of scattering is 
proportional to the square of the amplitude of the atomic vibrations, 
and hence is directly proportional to the absolute temperature, and in 
this way the theory accounts for the fact that the resistance of a normal 
metal is proportional to the absolute temperature. 

You will see, therefore, that the zone theories have led to a very 
satisfactory explanation of the more general characteristics of the three 
types of substance, insulators, semi-conductors, and metals. The 
theory also explains why the conductivity does not increase with increas- 
ing valency, whilst the general wave theory of electrons has given a very 
satisfactory explanation of the main features of electrical conductivity. 
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28 — Atomic Diameters of the Elements 

O LDER Metallurgist: You have explained (Chapters 24 and 26) 
about the crystal structures of the elements, but you said nothing 
about the interatomic distances, or the sizes of the atoms in the crystals 
of the different elements. From what you said in connection with the 
electron clouds of free atoms (Part I), one would expect the general 
tendency to be a decrease in the size of the atom in passing along any 
one Period of the Periodic Table, accompanied by a marked increase 
on passing from one Period to the next. But I find great difficulty 
in reconciling the electron cloud picture with the concept of a definite 
atomic size or atomic diameter. 

Young Scientist: You are quite right in saying that the electron 
cloud picture cannot be reconciled with the representation of the 
“ size ” of an atom by one single number. But the study of inter- 
atomic distances in crystals has shown that in some cases the results 
can be systematised if the different atoms, or ions in the case of salts, 
are assumed to possess definite diameters or radii. This idea was 
originally introduced by W. L, Bragg in connection with the study of 
salts such as sodium chloride. In these salts it is quite certain that the 
structure is built up of ions and not of neutral atoms. Thus Fig, 97 
shows the structure of sodium chloi'idc, and this is built up of Na+ 
and Cl“ ions arranged in regular array, each ion being surrounded 
by sk others of the opposite sign. Fig. 98 shows the structure of caesium 
chloride, where each ion has eight others of the opposite sign. A 
general study of this kind of salt showed that the interatomic distances 
could be satisfactorily accounted for by the assignment of a definite 
“ radius ” to each kind of ion. These “ ionic radii ” required slight 
correction on changing from one structure to another of different 
co-ordination number — the ionic radius of the Gl“ ion in the NaCl 
structure, for example, was about 3 per cent smaller than in the 
CsGl structure; it is a general principle that the ionic radius becomes 
smaller as the co-ordination number decreases. 

OM: It seems to me that ionic radii obtained in this way cannot 
be a simple measure of the electron cloud density, because they must 
surely involve die charges on the ions? Suppose, for example, we have 
two ions A+ and S++, and that thesd have electron clouds with exactly 
the same density distribution. Then if we consider the two salts A Cl 
and B Clj, the attraction between the 5 ++ and Cl“ ions at a given dis- 
tance will be greater than that between the A+ and Gl“ ions because 
of the double charge on the B++ ions. So the ionic radius of the 
ion will appear to be smaller than that of the A+ ion in spite of the fact 
that the two electron clouds are the same. 

YS : That is perfectly true, and it was recognised first by Pauling 
and by Zacliariasen that the empirical ionic radii were open to the 
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obiection you have raised. This difficulty was partly overcome by 
the introduction of what are called the “ univalent ionic radii ” in 
which the ionic radii are corrected to allow for the point to which you 
have referred. The term “ univalent ionic radius ” is rather unfor- 
tunate, because if one deals with calcium, for example, the value 
riven is not that for the radius of a hypothetical Ca+ ion. It is the 
‘‘radius” which the actual Ga *"*' ion would possess if it were in a crystal 
where the forces of attraction were those between univalent ions. 
It has become increasingly apparent that the ‘‘ size ” of an ion cannot 
really be represented by a single number, but for many purposes the 
univalent ionic radii of Pauling and Zachariasen may be used to give 
a rough indication of the sizes of the electron clouds of the ions con- 
cerned. 

OM: You have explained (Chapter a6) how crystals of copper, 
silver, and gold may be regarded as built up of ions pulled together 
by the valency electrons until the electron clouds of the ions overlap, 
and so produce a repulsion. In such cases I can understand how the 
ionic diameters may be of the same order as the distances between 
the atoms in the crystal of the metal. On the other hand in the alkali 
metals the distance between the atoms in the metallic clement must 
surely be quite different from the ionic diameters ? 

YS; That’s quite right. It was recognised first by Goldschmidt that 
interatomic distances in salts and metals often indicated quite different 
“ sizes " of the ions and atoms concerned. This was expressed by saying 
that the two kinds of structure were incommensurable. 

When we deal with the metallic elements we find that a certain 
amount of progress has been made in the same way, and we may first 
define an atomic diameter as the closest distance of approach between 
two atoms in a crystal of an element. Fig. 99 shows the atomic 
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Fig. lOO — ^Atomic and ionic radii of die elenrats 
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diameters of a number of the elements, and you will see how this 
shows a well marked periodicity. In each Period the alkali metal at 
the beginning of the Period has by far the largest atomic diameter, 
and there is a regular decrease in the atomic diameters on passing 
from an alkali metal to the succeeding elements. This is due to the 
increased nuclear charge, and is a reflection of the general process 
which we discussed in connection with the free atoms (Chapters 13 
and 14). 

OM: If Fig. 99 gives the atomic diameters, we now need the corres- 
ponding ionic diameters. 

YS: Fig. 100 enables a comparison to be made between some of the 
atomic radii and univalent ionic radii. You will see that for the 
alkali metals the ionic radius is much smaller than die atomic radius, 
so that the ions occupy only a small fraction of the volume of the 
crystal. Metals of this kind may be called very “ open ” metals. On 
passing along a series such as Na-i>-Mg— >-Al->-Si, both the atomic radii 
and the ionic radii decrease with increasing atomic number, but the 
atomic radii decrease more rapidly, and so the metals become less 
“ open ” as the valency increases. Fig. 100 shows clearly that in 
contrast to the alkali metals, copper, silver, and gold have ionic radii 
which arc much more nearly equal to the atomic radii. This is simply 
an expression of the fact that in solid copper, silver, and gold the 
electron clouds of the ions overlap appreciably, so that the metals 
may be regarded as " hard ions ” held in contact by the valency 
electrons, 

OM: Fig. 100 suggests that the elements following copper, silver 
and gold hehave quite differently from those following the alkali 
metals. On proceeding along the series 

Gu->- Zn-> Ga-v Ge->- As 

the ionic radius shrinks far more rapidly than the atomic radius, 
whereas in the series 

K->-Ga-»-Sc->- 

it is the atomic radius which shrinks the more rapidly. 

YS : that’s true, and it is a most important point in connection with 
the structures of some alloys. In copper the electron cloud of the 
Cu+ ion overlaps appreciably at the distances of approach between 
nearest neighbours in the crystal of copper. But on passing along the 
series 

Gu-> Zn-> Ga->- Ge-»- As 

the electron cloud of the underlying ion shrinks rapidly, and the 
structures become more and more open. In general the overlapping 
of the electron clouds of an ion containing a completed group of eight 
to eighteen electeons produces very strong repulsive forces, and there 
are many cases in which it is quite clear that the “ size ” of an atom 
cannot be represented by one single number, and that the behaviour 
can be understood only by considering whether the “ size ” is deter- 
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mined mainly by the valency electrons (as in the alkali metals) or 
also by the electron clouds of the ions. The general ideas expressed 
in Fig. 100 are most important, and must be thoroughly grasped in 
order to understand the structures of some alloys. 

OM; From Fig. 99 it seems that in the First Long Period, gallium 
and germanium have slightly smaller atomic diameters than copper. 
This is in contrast to the behaviour in the second and Third Long 
Periods where indium and tin (white) and thallium and lead have 
definitely larger atomic diameters than silver and gold. Is this the 
result of the process of incomplete ionisation to which you referred 
before (page 205) ? 

YS: That’s right. The sudden increase in the atomic diameter 
which occurs at thallium in the Third Long Period suggests clearly 
that some change in the binding process has occurred, and the sug- 
gestion is that in metallic thallium the (6j)® sub-group is sufficiently 
stable for its electron cloud to build up round the atoms and so to 
produce repulsion rather than attraction, , 

OM: You have not explained whether the atomic diameters 
summarised in Fig. 99 are to be regarded as real constants of the 
elements irrespective of their crystal structures. 

YS: Fig. 99 must not be looked on as giving more than a rough 
indication of the “ sizes ” of atoms in metallic crystals. The main 
characteristics of the figure are correct, and the general periodicity 
which the diagram shows is an undoubted fact. But if one wants to 
go into finer details it is necessary to make allowance for the different 
co-ordination numbers of the various crystal structures. According to 
Goldschmidt, a change from a structure with co-ordination number la 
to one with co-ordination number 8 results in a contraction of 3 per 
cent in the atomic diameter, whilst a change from co-ordination 
number 12 ->4 results in a contraction of 12 per cent.' This means that 
the values in Fig. 99 for face-centred cubic and normal close-packed 
hexagonal structures can be compared directly with one another, but 
when we change to a body-centred cubic structure we have to remem- 
ber the above contraction. 

OM: Do you mean that if we dissolve gold in copper (both face- 
centred cubic) the lattice spacing changes linearly with composition, 
whereas if we dissolve germanium (diamond structure co-ordination 
No. 4) in copper, the germanium atom behaves as though it were 12 
per cent larger than the value given in Fig. 99 ? 

YS : That was the original idea of Goldschmidt, who produced a series 
of atomic diameters for a standard co-ordination number 12. Later 
work, however, has shown that the lattice spacing relations of solid 
solutions are much more complicated than was originally imagined, 
and the^linear relations you suggest are very seldom found. We shall 
deal with some of these complexities when we consider alloy structures. 
For the moment you may look on Fig. 99 as giving the general order 
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of the atomic diameters, but you must remember that the values for 
crystal structures with different co-ordination numbers cannot really 
be compared directly. The general principle is that the atomic dia- 
meter becomes smaller as the co-ordination number decreases. This 
can readily be understood, because as the co-ordination number in- 
creases, the atomic attraction of an atom has, as it were, to be distri- 
buted over a larger number of neighbours, and so less is available for 
cohesion between two particular atoms. In spite of these limitations 
Fig. gg is of very great importance, and you will have to memorise the 
values for the more common metals. You must, for example, aim at a 
condition in which you almost instinctively think of copper as having 
an atomic diameter of approximately 2.5 kX, and magnesium one of 
3.2 kX. If you can carry these numbers about in your head you can 
understand and sometimes even predict what happens in alloys. 

OM: From Fig. 99 it seems that there is a regular increase in size 
on passing down the alkali metal group 

Li->Na-s-K->Rb->Cs 

where all the crystal structures are body-centred cubic. In the al kaline 
earth group the same thing occurs as far as strontium, but the value 
for barium is only very slightly greater. This seems to agree with 
what you have said because the first four alkaline earths are either 
close-packed hexagonal or face-centred cubic, and so have co-ordination 
number 12, whereas barium is body-centred cubic with co-ordination 
number 8, and so the failure of barium to show an increase may be due 
to the change in co-ordination number. But this kind of explanation 
docs not seem to account for the fact that gold and the few elements 
which precede it have almost the same atomic diameters "as silver and 
its preceding elements. 

YS: That is the result of the lanthanide contraction to which we 
referred in Chapter 16. The atomic diameter of silver is greater than 
that of copper, and this is, the result of the normal increase on passing 
fi:om one period to the next. The atomic diameter of gold would be 
greater than that of silver were it not for the building up of the rare 
earth group. This as we saw before (Chapter 16) results in the outer 
electrons of the elements Hafnium-^Gold being held more firmly than 
they would be if the rare earth group had not been built up, and this is 
why there is no marked increase on passing from silver->-gold. It is very 
useful to remember that the atomic diameters in the series 
Hf-Ta-W-Re-Os-Ii^Pt-Au 

are very nearly the same as those of the corresponding elements in the 
previous period. 
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O LDER Metallurgist: So far we have discussed the general electron 
theory of metals, and I think it would help me now if we dealt 
with some specific examples. From what you have said I imagine the 
univalent metals will be the most easy to deal with, so let us consider 
the alkali metals, and copper, silver and gold. 

Young Scientist: The alkali metals all crystallise in the body- 
centred cubic structure, whilst the elements of Group I B crystallise 
in the face-centred cubic structure. Fig. loi shows these structures 
together with the general sizes involved. You will see the regular 
increase in the size of the unit cell in passing down Group I A, and 
this is the result of the increasing quantum number of the valency 
electrons. In Group I B there is a similar increase on passing from 
copper to silver, but on passing from silver to gold there is no corres- 
ponding increase — this, as I explained before, is the result of the 
lanthanide contraction (page ii 6 . Chapter i 6 ). 

OM: Does the electron theory explain why the body-centred cubic 
structure is preferred by Group I A and the face-centred cube by 
Group IB? 

YS: If one considers the valency electrons as moving in a simple 
periodic field, the JV(£) curves for the face-centred and body-centred 
cubic structures arc very nearly identical up to i electron per atom, 
and from this point of view there is no very clear reason why the 
alkali metals all adopt the body-centred cubic structure, since in these 
metals the ionic radii are very small compared with the atomic radii, 
and the properties of the structure depend essentially on the valency 
electrons. In the case of copper, silver and gold where the electron 
clouds of the ions overlap appreciably, it can be shown that the forces 
due to the electron clouds of the ions favour the face-centred cubic 
structure. The mathematics is naturally complicated, but it is perhaps 
justifiable to say that if you look on these metals as consisting of hard 
spheres (ions) held in contact by the valency electrons, then Ae lowest 
energy not unnaturally results from a structure in which the ions are 
packed together as closely as possible, and the faCe-centred cubic 
arrangement is one way of obtaining this dose packing. 

OM: If Fig. 1 01 gives the crystal structures, is one to regard the 
atoms as being fixed and stationary in their positions at the absolute 
zero, and as vibrating with increasing amplitude about these positions 
as the temperature rises ? 

YS : That is not quite right, although your general idea is perfectly 
correct. A system of N atoms on a lattice hzis 3 JV" independent modes 
of vibration, and the actual state of vibration of the lattice is the 
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result of the superposition of these modes. According to the quantum 
theory, the energy associated with a frequency v is 



r*® — I 


where h is Planck’s constant, k is Boltzmann’s constant^ and Q the 
absolute temperature. In this expression the first term does not involve 
the temperature, and it represents the so-called “ zero point energy,” 
that is the part of the vibrational energy which persists at the absolute 
zero. The second term is of such a nature that it equals zero at the 
absolute zero, and then increases with temperature. You will see, 
therefore, that your general idea that the vibrational energy increases 
with temperature was correct, but at the absolute zero some vibra- 
tional energy persists, and the atoms are not at rest. Further, the 
nature of the second, or temperature dependent term, is such that on 
increasing the temperature, the energy associated with the lowest 
frequencies increases most rapidly. One may say, therefore, that on 
raising the temperature of the crystal from the absolute zero the 
atomic vibrations to be first stimulated are those of low frequency and 
long wave-length, and the crystal may be regarded as swept through 
by vibrations whose wave-lengths are much longer than the distance 
between two atoms. On raising the temperature further, the higher 
frequencies strike up, and finally when the amplitude of the vibrations 
is of the same order as the distance between two neighbouring atoms, 
the solid melts. 

OM: If that is the general picture, there must be some essential 
difference between the cohesion in copper, silver and gold, and that 
in the alkali metals, because the melting points of the latter are very 
much lower than those of copper, silver and gold. 

YS; That is due to a combination of two factors. On the one 

r 

‘ The equation for a perfect gas is usually written pv = R6, where the gas-constant 
R refers to i gramme molecule. The corresponding equation referring to a single 
molecule is pv = kB, where k is Boltzmann’s constant. 
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Fig. 101 — Crystal structures of the alkali and 
Graup I B metals showing general sizes of 
the unit cells 
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hanH the atomic diameters of the alkali metals are very considerably 
greater than those of copper, silver and gold (Fig. loi). In any kii^ of 
structure where the atoms are held together by shared electrons, there 
is a natural tendency for the strength of the binding to dimmish as 
the distance between the atoms increases. Apart from this, the outer- 
most electrons of the Gu+ ions also give rise to an attraction, by a 
process which is essentially similar to that involved in the Van dw 
Waals forces (Chapter 24). That is to say a lowering of ener^, and 
hence an attraction is produced if the (grf) electrons of two adjacent 
Cu"*" ions move in harmony with one another, instead of moving inde- 
pendently. 

OM: This seems very curious because you have previously said that 
the outermost electrons of the Gu+ ion produce an intense repulsion 
when they overlap. 

YS : That’s right— both processes go on together. When the dectron 
clouds of the Gu+ ions overlap, repulsive forces are produced which 
oppose a further drawing of the atoms together. At the same time it the 
electrons of adjacent ions move in harmony, there is a lowering ot 
energy and the atoms are held together more firmly. In a sense you 
may say that the outermost electrons of the Gu+ 10ns serve both to hold 
the atoms apart, and so to produce an incompressible metal, and also 
to Increase the attraction, and so to raise the melting point# 

OM- If that is so, the compressibilities of the copper, silver and 
gold slyiuld be much smaller than those of the alkali metals where 
there is no appreciable ionic overlap. 

YS: That’s true. There is a general tendency for the compressibility 
of a metal of a given valency to increase with the atomic volume, but 
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as you will see from Fig. loa, the compressibilities of copper, silver and 
gold are so much smaller than those of the alkali metals that some 
different factor is clearly at work, and the ionic overlap is the factor 
concerned. Very interesting theoretical work on compressihility has 
been done by Fuchs, who has shown that for the alkali metals the 
compressibilities can be calculated by considering the crystal as held 
together by valency electrons moving in the field of the univalent ions 
whose overlap can to a first approximation be ignored. If this method 
is used for copper, the calculated compressibility is far too high, but 
by considering the effect of the ionic overlap, a ve^ good agreement 
between the calculated and observed compressibilities is obtained. 
I am afraid that the details of these calculations are too difficult for 
us to discuss, but it is not an exaggeration to say that quantum 
mechanics enables a purely theoretical calculation of the compressi- 
bilities to be made. One has to assume the values of Planck’s constant 
and of the electronic charge and mass, and the type of crystal structure 
(body-centred cubic and face-centred cubic) , but otherwise everything 
is calculated from first principles, and the compressibilities and some 
of the elastic constants can be deduced. As a practical man, therefore, 
you will see that the theory has gone a long way, and that the mechani- 
cal properties within the elastic range can be calculated for the alkali 
metals and for copper. 

OM: Does the theory go on so that the properties of plastic deforma- 
tion are accounted for? 

YS : I am afraid not. There is a satisfactory theory of the properties 
within the elastic range, and here the electron theory has been most 
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MELTING POINTS OF THE METALS 
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successful. A great deal has been found out experimentally about the 
mechanism of plastic deformation, but until recently there has been 
no satisfactory theory. In the last twenty years it has become realised 
that the plastic properties of metals are intimately connected with 
internal defects, or departures from a perfectly regular arrangement 
of the atoms. Certain types of defect, known as dislocations, have been 
recognised, and a successful theory of dislocations is now (1954) being 
rapidly developed. This, however, is rather a subject of its own, and 
we shall consider it later (Chapter 33). 

OM: The alkali metals and also copper, silver, and gold are uni- 
valent elements, and if I understand you rightly their electronic struc- 
tures are such that the one valency electron per atom fills the lower 
half of the first Brillouin zone. There seems, however, to be a complete 
contrast between the behaviour of the Group II elements in the A and 
B series. The alkaline earth elements (see Table VIII) have melting 
points which are much higher than those of the preceding alkali 
metals. But in Group II B, the metals zinc, cadmium, and mercury 
have very much lower melting points than the preceding elements 
copper, silver and gold. 

YS : The figures you give are quite correct, and the effects have not 
yet all been explained in a quantitative manner. The increase in 
melting point on passing from an alkali metal to the succeeding alkaline 
earth metal is accompanied by a decrease in the interatomic distances 
in the crystals of the elements (see Fig. 99), and is simply the result 
of the increasing charge on the nucleus drawing the whole structure 
together more firmly. If you regard the metallic structure as resulting 
from the attraction of the valency electrons swimming among the 
array of positively charged ions, then in the alkali metals there is one 
valency electron per atom moving in a field of univalent ions, whilst 
in the alkaline earths there are two valency electrons per atom in a 
field of divalent ions. It is thus quite easy to understand the general 
contraction and firmer binding on passing from an alkali to an alkaline 
earth. 

The fact that copper, silver and gold have higher melting points 
than tlie preceding alkali metals potassium, rubidium and ^ caesium 
is partly the result of the smaller atomic diameters of copper, silver and 
gold. You can readily understand that in any structure held together 
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Fig. 103 — ^The N(E] curve for metallic calcium. The first zone is very 
slightly overlapped by the second 

{After Maiming and Knitter) 

by shared electrons, the binding must become increasingly loose as the 
interatomic distances increase. Apart from tliis effect, the higher 
melting points of copper, silver and gold are due to the Van der Waals 
forces between the Cu+ ions, to which we referred above, and this 
factor is very marked. On passing from copper to zinc, the electron 
cloud of the ion shrinks rapidly (see Fig. 100), and so the interatomic 
cohesion resulting from the Van der Waals kind of force dies away, and 
it is this fact which is perhaps the cause of the low melting point of 
zinc, and similarly for cadmium and mercury in the later periods. 

OM: As regards the general electronic structure of the Group II 
elements, it seems to me that their Brillouin zones must be of the over- 
lapping type. The first Brillouin zones of all the crystal structures 
contain exactly two electron states per atom (page 174), and conse- 
quently if the zones did not overlap, the two valency electrons per 
atom would completely fill the zone, and the crystal would be an 
insulator as described on page ao8 of Chapter 27. 

YS; That’s right. The electriceil conductivity indicates that the 
second zone overlaps the first, but the overlap is small, and this is 
why the electrical conductivity of the divalent elements is less than 
that of the univalent elements. The divalent elements have twice 
as many valency electrons per atom, but the zone restrictions mean 
that most of these electrons are not effective as regards conductivity 
(see page 217). Fig. 103 shows the JV(£) curve of Manning and 
Gutter, for calcixun which crystallises in the face-centred cubic struc- 
ture, but this N{E) curve is only a very rough appi-oximation. 

OM: You have already shown me (Figs. 57 and 58) the first 
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(c) 


{Courtesy The Jnstitule of Metals 

Tit, 104— The first Brlllouin zone of the close-packed hexagonal 
“* ’ structure 


(a) Shows the zone with one qfthe small IruneaUd prisms added on an A-face. 

{b) ShSlos the shape of the equatorial secliom of the zone, with small truncated prinns added 
on all six faces. 

(c) Shows a vertical section along the plane p-q. 
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Brillouin zones of the body-centred cubic structure, and the face- 
centred cubic structure. The close-packed hexagonal structure and 
the face-centred cubic structure are both close-packed structures, but 
whereas the face-centred cubic structure has four sets of close-packed 
planes (the octahedral planes), the close-packed hexagonal structure 
has only one set of close-packed planes (see Fig. 8i, page 199). The 
two structures give quite different X-ray diffraction films, and so it 
would seem that the Brillouin zone for the close-packed hexagonal 
structure must be different from that for the face-centred cube. 

YS : That is quite correct, and Fig. 104(a) shows what is usually called 
the first Brillouin zone of the close-packed hexagonal structure. This 
has some rather curious characteristics. Inside the zone, the energy 
and the wave number vary continuously, and there is an abrupt 
increase in energy on passing across a zone face. The calculations of 
H. Jones show that this energy discontinuity vanishes along some of the 
edges of the zone such as PQ, in Fig. 104(a). The first zone which is 
bounded everywhere by an energy discontinuity is obtained by adding 
a small truncated prism to each side of the zone — one of these prisms is 
shown in Fig. 104 (a). This complete zone which is surrounded every- 
where by an energy discontinuity contains exactly two electrons per 
atom, and since the divalent metals are conductors of electricity, there 
is an overlap from this zone. Figs. 104 (ft) and 104 (c) show sections 
through the complete zone. 

OM : It seems to me that you have not told the whole stoiy. Mag- 
nesium is close-packed hexagonal with a normal axial ratio, whilst 
zinc and cadmium are close-packed hexagonal with a large axial ratio. 
(Fig. 87, page 303.) The shape of the Brillouin zone must surely be 
different from the two? 

YS: That is perfectly true. Fig. 104 shows the general form of 
the zone for the close-packed hexagonal structure, but the ratio of the 
height to the width may vary, and the variation is in the opposite 
direction to that of the axial ratio of the crystal structure. 

OM : You mean that for zinc and cadmium where the actual crystal 
structure (Fig. 87) is elongated in the direction of the c-axis, the 
Brillouin zone is shorter and more squat than that for magnesium, 
although both have the general form of Fig. 104. If this is so, it would 
seem Aat overlaps from the first zone must begin in quite different 
directions in the two structures. If the zone for zinc and cadmium is 
sufficiently short and squat, the occupied electron states will reach the 
top and bottom of the zone before they reach the sides, and the overlap 
will occur first at the top and bottom. Is that right? 

YS: The overlaps from the first zone of Fig. 104 are of three kinds. 
There is the overlap from the first zone across the faces A into the 
small prisms; this may be called the A overlap. There is then the 
overlap across the top and bottom faces B; this may be called the 
B overlap. Finally there is a third kind of overlap through the zone 
edges Q,; this may be called the Q, overlap. 
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Hg. 105 (a)— Approximate N(E) curve for magnesium 

Tht ioints A, Oand B comspoiid zvith the A. Q.m,d B overlaps r^erred lo in tilt text. Tilt 
shaded reeion is tiu area of occupied states at two electrons per atom; tt_ will he seen that the 
A and (^overlap have occurred, but not the B overlap, although a con^arattvely few time ‘ifidrons 
her atm would make tiiis overlap occur. The diagram ts appoxmate otdy, and tiie Inmt qf 
^ipied states it probably nearer to the point B than is shown, although the B overlap has just 
^ not taken place 



ICmaUsf The Imlilale 0/ Melals 

Fig. 105 (b)— Approximate N(E) curve for zinc and cadmium 

The overkps occur in the order B, A, Q.. two ele^rons ^ atom the B and A overkps have 
occurredi biU noi tfte Q, overlap 

It must be emphasised tirnt these diagrams are qualitative sketdies only and are not accurate 
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In the case of zinc and cadmium, the crystal structure is elongated 
in the direction of the c-axis, and the Brillouin zone of Fig. 104 is 
relatively short and squat. With increasing numbers of electrons per 
atom, the overlaps occur in the order B, A, Q,, and with two electrons 
per atom the overlaps at B and A have occurred, but not that at Q. 
In the case of magnesium where the axial ratio is i .6s, the Brillouin 
zone is relatively much taller, and the overlaps occur in the order 
A, Q,, B. With two electrons per atom overlapping has occurred at 
A and Q,, but not at B, although a very slight increased number of 
electrons per atom cause the overlap to occur. The resulting jV(£) 
curves for the two structures are shown in Fig. 105 (a) and (6), and 
these indicate clearly how the order of the overlaps is different in the 
two cases. In this figure the shaded area indicates the limit of the 
occupied states at two electrons per atom. Magnesium is an extremely 
interesting metal from this point of view, because overlapping has 
occurred in two directions, and very nearly in the third. 

It should be emphasised that these diagrams are only rough approxi- 
mations, 'and do not give the N{E) curves accurately. 

OM : Are these relations of any real value? 

YS: They are of great importance in the understanding of some 
alloys of magnesium, zinc and cadmium. If we alloy these metals 
with elements , of higher valency so as to form a solid solution, then 
increasing percentage of the solute metal will mean an increase in the 
number of valency electrons per atom, and hence an increase in the 
number of occupied states, and this may mean that a new overlap 
suddenly takes place. In the same way, if we can obtain a solid solution 
of magnesium and cadmium, then since in magnesium the overlaps 
are in the order A, Q, and no B overlap, whilst in cadmium they are 
in the order B, Q,, and no A overlap, it is clear that at some inter- 
mediate composition there must be a sudden change from a B to an A 
overlap, and this may produce curious effects in the properties of the 
alloys. 

OM: You have explained (Chapter 27) how the opening up of the 
states at the bottom of a new zone adds to the electrical conductivity, 
but are any other properties affected? 

YS: It has been shown by H. Jones that when an overlap begins 
in a certain direction in ^-space, it results in an expansion of the 
crystal in the same direction. In this way it has been possible to 
explain some of the abnormal relations between the lattice spacings 
and the composition of alloys, and we shall consider some of these 
later. The important thing to notice is that the theory has now 
reached the stage where a great deal is known about the general 
characteristics of the electron distribution in the close-packed hexa- 
gonal structure, and the theory now permits the calculation of some 
of the elastic constants of beryllium. As with the univalent metals 
the theory does not account satisfactorily for the properties cdlmected 
with plastic deformation, and at present these lie quite outside the 
electron theory of metals. 
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O LDER Metallurgist: Speaking generally, it seems that most of 
the strongest metals and those of highest melting point are found 
among the transition elements, and I should like to know how these 
look in terms of electron theories. 

Young Sgientist; The transition elements form a veiy interesting 
group, and we may begin by considering some of their main charac- 
teristics. In Fig. io6 I have summarised the crystal structure data, 
and you will see that all the transition elements crystallise in one or 
more of the three typical metallic structmres, the body-centred cubic, 
face-centred cubic, or close-packed hexagonal structures. Allotropy is 
very common, and is generally confined to the typical structures, al- 
though abnormal and complicated structures are found by a- and 
j3-manganese, )3-tungsten, and by o- and j9-uranium. These are in 
Groups VI and VII, and these Groups appear to occupy a critical 
position in the Long Periods. 

OM: The existence of the normal crystal structure suggests that the 
dififcrence between the transition metals and the remaining metals is 
not due to the type of crystal structure.. But the high melting points 
of the transition metals suggest that the cohesion is somehow stronger. 

YS: That’s right, but what exactly do you mean by strong co- 
hesion? 

OM: I should say there was strong cohesion when it was difficult 
to pull the atoms slightly farther apart. 

YS; That’s a good definition, but if you use it you do not necessarily 
require the melting points. A melting point is by definition the tem- 
perature at which both liquid and solid phases are in equilibrium, and 
so if some factor makes the liquid phase relatively more stable, the 
melting point will fall even though the cohesion in the solid remains 
strong. 

OM: You want something like the inverse of the compressibility. 

YS; That’s right. The compressibility is a measure of the ease with 
which the atoms in a solid can be squeezed closer together, and since 
the process is reversible, a low compressibility means that it is difficult 
to squeeze the atoms together, and also that it is difficult to pull 
them apart, and so indicates strong bonding. The compressibility is a 
good property to study, because it involves the solid phase alone, and 
in Fig. 107 1 have shown the compressibilities of the transition elements. 
In each Long Period the compressibilities diminish rapidly on passing 
from Gx)up I A->-II A-j-III A-s-IV A, and this indicates that there is a 
rapid increase in the strength of cohesion. 

OM: The melting points show a continual rise on peissing along the 
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Fig. tof] — Campreaaibilitl«s of the transition elements. The compressl- 
blUties of the alkali metals are greater than those of the following alkaline 
earths, and both are too great to be shown In the diagram 
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same sequences, so here the melting point does seem to be a measure 
of the strength of cohesion. 

YS: The melting points are given in Fig. 108, and in a general way 
a high melting point is a measure of strong cohesive forces in the solid, 
but it is not so satisfactory a qtiantity as the compressibility, because 
the latter involves only the solid ph^e, whilst the melting point in- 
volves both liquid and solid. Another interesting property to study is 
the closest distance between the atoms in a solid, and Fig. log shows 
the data for the transition metals. You will see that in any one Period 
from Groups I A->-IV A there is a continual decrease in the atomic 
diameter — ^we agreed (p. 319) to use this term to describe the closest 
distance between two atoms in the crystals of the elements. 

OM: Figs. 107, 108 and 109 suggest that there is a difference be- 
tween the transition elements of the First Long Period, and those of 
the two later Periods. In the Second and Third Long Periods the melt- 
ing points rise to spectacular maxima in Group VI A (molybdenum and 
tungsten). In the First Long Period the highest melting point is again 
shown by the element of Group VI A (chromium), but there is no very 
great rise on passing from titanium to chromium. The melting point 
of manganese appears to be quite out of sequence, and the decrease 
in melting point on passing from iron— »-cobalt->-nickcl is far less than 
the changes for the elements of the later Periods. 
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YS: That’s quite true, and if you look at Figs. 107 and 109 you will 
see that a rather similar ^fference occurs for the other properties. 
The value for die compressibility of manganese refers to a-manganese, 
and is affected by the complicated crystal structure, and is thus not 
directly comparable with those for the normal elements. You will see, 
however, that when compared with the value for titanium the compres- 
sibility of chromium is higher than would be expected from the relative 
values of the corresponding elements molybdenum and zirconium, 
and tungsten and hafnium, in the later Periods. 

OM : That suggests that the atomic cohesion in chromium is not so 
strong as would be expected from the behaviour of the elements in the 
later Periods, and so confirms the deduction drawn from the melting 
points. 

YS; That’s right. But, on the other hand, the atomic diameters 
continue to contract normally on passing from titanium->-vanadium-> 
chromium. 

OM; Yes, but in the later elements, the behaviour isn’t the same 
in the three Periods. The atomic diameter for y-manganese (a. 67 kX) 
is slightly greater than those for chromium, iron, cobalt, and nickel 
for all of which the values are about a. 5 kX. On the other hand, in the 
later Periods the atomic diameters continue to diminish as far as 
Group VIII A (ruthenium and osmium), and there is then a distinct 
increase on passing from ruthenium-»-rhodium->-palladium, and from 
osmium-»-iridium->platinum. Everything suggests that the First 
Short Period is different from the Second and Third. 

YS ; That’s quite true. The physical properties suggest clearly that 
in the Second and Third Long Periods, the strength of bonding reaches 
a maximum in the region of Group VI A — ^VII A, but that in the First 
Long Period the maximum is reached rather earlier in the Period, and 
that the maximum is not followed by such a steep fall. It is also clear 
that the properties for manganese are out of sequence. 

OM; This all seems rather confusing, because you said before that 
in the transition elements there were nine bonding orbitals — one j, 
three and five d — and so one would expect the strength of the bonding 
to increase continuously on passing from potassium to copper, because 
the orbitals could accommodate ^1 the dectrons. 

YS: That point has given rise to a lot of diificulty, and exactly what 
happens is not really known. One hypothesis which aroused much 
interest is that of Pauling, according to whom the cohesive forces in 
the elements of the First Long Period result from electrons in hybrid 
(41, 4p, 3d) orbitals — ^in the later Periods the same process is assumed 
with higher quantum numbers. As you have said, one 41, three 4/1, 
and five 3d orbitals are available for hybridisation, and if all of these 
were used for bonding there would be nine bonding orbitals. From a 
study of -the facts we have been considering, Pauling concluded that 
only some of the d orbitals were available for bond formation. By 
considering the magnetic properties it was concluded that only 2.56 
of the 3d orbitals were available for bond formation; the remaining 
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2.44<f orbitals are regarded as atomic d orbitals, and when an electron 
is in one of Aese it is associated mainly with one atom, and does not 
take much part in the bonding process. 

OM: How were the numbers a. 56 and a. 44 obtained? 

YS; They were deduced from a study of the magnetic properties. 
You will remember that in Chapter 14 we saw that as electrons began 
to fill up the p and d sub-groups in free atoms, they kept their spins 
parallel as long as this was possible. The same principle applies to 
the fillin g up of the atomic d orbitals of the transition metals, and in 
this way the following scheme has been suggested. 

From potassium to vanadium, the number of electrons in bonding 
orbitals increases steadily from one to five, and no electrons enter the 
atomic d orbitals. This accounts for the regular increase in the strength 
of binding which, as we have seen above, occurs in the series 

K-^Ga->Sc->Ti^V 

In this series of elements — and in the corresponding elements of the 
later Periods — ^you are to imagine a steady increase in the number of 
electrons concerned in the binding process. The concentration of 
bonding electrons per unit volume increases enormously on passing 
along the above series, and both the atomic diameters and the ionic 
diameters decrease, but the atomic diameter decreases to a relatively 
greater extent, and so the crystal structures become less and less 
“ open” (Chapter a8, page aaa). 

OM: I thought I had read somewhere that only the s electrons 
were concerned in the cohesion process in these elements. 

YS: That was the original idea of Mott and Jones,^ but I think 
it has become increasingly clear that the sequence of properties to 
which we have referred above requires some other explanation, and 
although Pauling’s views may eventually require some modification, 
they are I think sound as regards the increase in the numbers of bonding 
electrons on passing from potassium to titanium in the First Long 
Period, and from rubidium to molybdenum, and from caesium to 
tungsten (omitting the Rare Earths) in the later Periods. 

On reaching chromium, Pauling assumes that only 5.78 electrons per 
atom enter the bonding orbitals, and that the remaining 0.2 a electrons 
per atom begin to enter atomic d orbitals which are not concerned in 
the cohesive process. As a rough approximation he then assumes 
that the number of bonding electrons remains roughly at 5.78 per 
atom on passing from chromium to nickel, and in this way he deduces 
the following scheme. 


Element 

Or 

Mn 

Fe 

Co 

Ni 

No. of Bonding Electrons 

5-78 

5-78 

5-78 

CO 

5-78 

No. of Electrons in Atomic d 


orbitals 

o.aa 

i.aa 

2.22 

3.22 

4.22 


‘ Tht Theory of the Properties of Metals and Allays, N. F. Mott and H. Jones. 
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Now we have seen that Pauling assumes that there are 2.44 atomic d 
orbitals per atom . . . 

OM: But surely the number must be a whole number? 

YS : No, that does not follow. We are thinking of the crystal struc- 
tures as a whole, and there is no reason why the numbers of electrons 
in atomic d orbitals should be a whole number per atom. 

OM: Do you mean that some atoms are in one condition, and 
some in another? 

YS : If you took an instantaneous snapshot of the crystal structure, 
you would find some atoms with more electrons in atomic d orbitals 
than others. In the complicated structures of manganese it is very 
probable that this distinction between different kinds of atom is 
permanent, and the structure may be said to have atoms in different 
electronic states. In the more symmetrical structures such as those of 
r h r nTnhiTn and iron, the number of electrons in the atomic d orbitals 
of a given atom will change from time to time, but Pa,uling’s hypothesis 
is that these electrons do not give rise to much cohesion. 

OM; Then do the electrons in atomic d orbitals affect any other 


properties? 

YS- According to Pauling, they are responsible for some of the 
mairnetic properties. We have seen that Pauling’s assumption is that 
there are 2.44 atomic d orbitals per atom. From the scheme given 
above, you will see that in chromium, manganese, and iron, there 
are o 22 i 22 and 2.22 electrons per atom in atomic d orbitals, and 
since thMC numbers are aU smaller than 2.44 (the number of atomic 
orbitals), the electrons can all have the same spin. Now we have seen 
that a spinning electron is associated with a magnetic moment ot one 
Bohr magneton (Chapter 13, page 94), and consequently Paulmg 
argues that Ae saturation magnetic moments of the above ele^nts 
should be 0.22, 1.22, and 2.22 Bohr magnetons per atom. When, 
however, we pass to cobalt with 3.2a electrons per atom in atomic 
d orbitals, there are more electrons than orbitals, and consequently 
some of the atomic d electrons will have to form electron pairs of 
opposite spin, which do not contribute to the saturation moment 
'^u can r^dily see that for the elements cobalt and mt^el the num^ 
of unpaired atomic d electrons given by the abow scheme iS 4.8b— 
3.2a =1.66, and 4.88 — 4.22 =0.66 respectively. The actual observed 

ralues for iron, cobalt, and nickel are 2.2, 1.7. ^^®P“SiSs 

and Pauling deliberately assumed the number of atomc oJ^bitols 
which gave the best agreement with the above figures. You will se 
that according to Pauling’s hypothesis, the maximum possible value 
mom»t wo>iff be =44, a.d d.e number of 
required for this lies between iron and cobalt— exponent does in fact . 
shL that iron-cobalt alloys give the highest saturation moment. 

OM' It seems to me that the scheme doesn’t really agree with *e 
facte It doeTt aeSunt for the diEerence beween the First and the 
laS LonrPeriods, and apart from the abnormal behaviour of 
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manganese in the First Long Period, the suggestion of a constant 
valency of 5.78 does not agree with the obvious weakening of the 
strength of bonding on passing from nithenium->^rhodium->paIladium, 
and from osmium— >-iridium-^platinum. 

YS: A good many people would agree with you there, and alterna- 
tive schemes have been proposed in which the general Pauling view- 
point is adopted, but the details are different. According to Hume- 
Rothery, Irving, and Williams’- the Pauling scheme with a continual 
increase in the number of bonding electrons on passing from Group 
I A to Group VI A is essentially correct in the Second and Third 
Long Periods, and in these Periods the valency remains high as far 
as the elements in Group VIII A (ruthenium and osmium) and then 
falls on passing to rhodium and palladium, and to iridium and plati- 
num. This is in accordance with the general trend of the predominant 
valencies in the chemistry of these elements. A further suggestion made 
by these authors was that, for the elements of Group VI-VIII in the 
First Long Period the predominant valencies are lower than in the 
corresponding elements of the later Periods, whilst the decrease in the 
predominant valencies on passing from iron-»-cobalt-^-nickel is much 
less than on passing from ruAenium->rhodium->-palladium, and 
from osmium->-iridium->-platinum. There is in fact a very marked 
parallelism between the physical properties of Figs. 107 to 109, and the 
predominant valencies of the elements concerned. Hume-Rothery, 
Irving, and Williams therefore interpret the physical properties as 
indicating that, in the Second and Tnird Long Periods, the numbers 
of bonding electrons per atom increase from one to six on passing from 
Group I A to VI A, and then remain high as far as Group VIII A, but 
fall rapidly on passing from osmium-»-iridium->platinum, and from 
ruthenium-^rhodium-^palladium. In contrast to this, the same 
authors regard the numbers of bonding electrons per atom as being 
smaller in the corresponding elements of the First Long Period. Thus, 
for iron, cobalt, and nickel the numbers of bonding electrons per atom ' 
are regarded as being between three and two, with a slight decrease on 
passing from iron->cobalt->-nickeI. 

OM: In that case the physical properties would indicate a lower 
valency for manganese. 

YS ; Yes. And that agrees with the known facts, because the divalent 
manganous compounds are known to be very stable — this is the result 
of the fact that divalent manganese contains five electrons outside the 
argon shell, and the resulting (3d)® grouping is an exactly half-filled 
(3d) sub-group, and additional stability arises from this. 

OM: That seems a very nice scheme, but it breaks down with chro- 
mium, because if there is an exactly half-filled (3d)® grouping in chro- 
mium, there will be only one electron left over for bonding, whereas all 
the physical properties suggest that the bonding in chromium is stronger 
than that in manganese. *■ 

^W. Hume-Rothery, H. M. Irving, and R. J. P. Williams. Proc. Roy. Soc. 1951. 
A. aoS. 431. 
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YS: That’s quite right. The free atom of chromium has an outer 
configuration of (3^)® (41)^ but there are no univalent compounds of 
chromium. The predominant valencies of chromium are 3 and 6, and 
the 3-valent state is relatively more stable compared with the 6-valent 
state than in the corresponding compounds of molybdenum and 
tungsten. So you can see how well the predominant valencies are 
reflected in the physical properties — tlie bonding in r.hr nT ni'nm is 
clearly stronger than that in manganese, but is weaker than that in 
molybdenum or tungsten. 

OM: Then do you mean that I am to regard manganese as purely 
divalent in the metallic state — if I understand it rightly the number of 
bonding electrons is the same as the valency. 

YS: In the Pauling sense, the term valency is used to describe the 
number of bonding electrons. In the complex structures of a- and 
j 3 -manganese, it is highly probable that the structure contains atoms 
in two or more states. In the normal structures of y- and S-manganese, 
the valency is uncertain, but according to the views of Hume-Rothery, 
Irving, and Williams die divalent state of manganese plays an im- 
portant part in the structure, although resonance with other valency 
states is also possible. 

OM: Gan these alternative valency schemes be reconciled with the 
magnetic properties? 

YS: Oh, certainly! The observed saturation moments of 0.61, r.71, 
and 2.2s Bohr magnetons per atom for nickel, cobalt, and iron could be 
obtained by many combinations of atoms with permanent moments, 
and of those with no resultant spin. 

OM : Do you mean that one can have regular superlattice structures 
of magnetic and non-magnetic atoms? 

YS: That hypothesis has been advanced by several workers, but 
recent work by means of neutron diffraction has disproved the existence 
of long range ordered structures of atoms with two different spins. In 
neutron diffraction, the scattering factors depend on the spin of an 
atom, and so permit the detection of a superlattice of magnetic and 
non-magnetic atoms, which would not be, shown by X-ray diffraction 
methods. The neutron diffraction methods show that if atoms do exist 
in different states in, say iron, the life of these cannot be greater than 
about io~^ sec., and any resonance process involving different states 
must be very rapid. 

OM: To summarise — there is no general agreement on the exact 
valencies of the transition elements after Group IV A in the First Long 
Period, or after Group VI A in the Second and Third Long Periods. 
But whatever scheme of valencies is adopted, there is a division into 
bonding and non-bonding electrons in the later Transition Elements 
of each Period? 

YS: That is correct from the viewpoint of the resonating-valence- 
bond theories of metals. In technical terms, these theories describe the 
electrons by what are known as Heitler-London-Heisenberg wave- 
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functions — these are wave-functions similar to those used in the theory of 
co-valent bonds, and each electron is described by a function which 
is loc^ised on one atom, or on one pair of atoms, although exchange of 
electrons can occur, so that the electrons pass from one atom to 
another. But this approach is not accepted by many mathematical 
physicists, and an alternative approach is to describe the electrons by 
means of what are called Bloch functions, in which the function for 
each electron extends throughout the whole crystal — ^it is this type of 
function which underlies the ordinary theory of Brillouin zones, to 
which we have referred — these theories are sometimes called “ col- 
lective electron theories.” From this viewpoint all the electrons 
outside the rare gas shell are to be regarded as contributing to the 
cohesion, so that in nickel, for example, ten electrons are concerned in 
the atomic bonding in the crystal. 

OM: In that case, how do you account for the break in the sequence 
of physical properties ? 

YS: That’s a difficult • point, and the collective electron theories 
have not succeeded in accounting for the breaks in physical properties. 
They would interpret these changes by saying that in the region of 
Group VI the wave-functions became increasingly repulsive in 
character, , 

OM: Why then, should there be the parallelism between the 
physical properties and the chemical valencies? 

YS : I don’t think one can answer that — except that in a general way 
the predominant chemical valencies indicate the numbers of electrons 
which may be perturbed sufficiently to take part in chemical combina- 
tion, and we can perhaps understand how this is related to the extent 
to which the electrons can be perturbed to take part in bonding in the 
solid. 

OM; Then what is the valency in solid nickel from the viewpoint 
of the collective electron theories? 

YS: From the viewpoint of the collective electron theories I don’t 
think one can speak of a definite valency in nickel. From this view- 
point, all the ten outer electrons take part in the bonding, but their 
electron clouds give rise to repulsion as well as attraction. You should 
note, however, that in the collective electron theories there is a ten- 
dency to use tile term “ valency ” in a sense quite different from the 
numbers of electrons concerned in the cohesion. In some of these 
theories, the electrical conductivity is regarded as due to a relatively 
small number of electrons whose wave functions are of a predominantly 
s type, and the term valency is sometimes used to describe the number 
of tiiese electrons per atom. In the case of nickel, for example, there 
are about 0.6 electrons per atom of this kind and the valency in nickel 
is sometimes said to be 0.6. If used in this sense, the valency is very 
much less than the number of electrons concerned in some way with 
the bonding. 

OM: Then it amounts to saying that the term valency has no real 
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meaning in the collective electron theories although it has a meaning 
in theories of the Pauling type. 

YS: That’s right. 

OM : It seems to me that the picture given by the collective electron 
theories is rather indefinite and that there doesn’t appear to be any 
clear distinction between the valency electrons and the electrons of 
the ions. 

YS: That’s perfectly true. You will remember that in the case 
of copper we regarded the crystal as composed of relatively hard ions 
held in contact by the attraction of the valency electrons. But at 
the same time we saw that the outermost electrons of the ions influenced 
each other, and so gave rise to forces of the Van der Waals type which 
increased the cohesion (page 327). In the preceding elements nickel, 
cobalt, iron and manganese, the (3d) group of electrons is still in the 
process of being built up, and is Qius much less stable. This means 
that its electrons are much more easily perturbed by the forces resulting 
from adjacent atoms, and so we can understand how this perturbation 
produces the attractive forces. In the transition elements there is 
thus a much less sharp division between the valency electrons and the 
electrons of the ion than there is in the case of copper, and this is after 
all only what would be expected from the structures of the free atoms 
(Chapter 15). 

OM: It seems to me you really mean that there is no satisfactory 
theory of the Transition Elements. 

YS: Well, yes. There isn’t yet a satisfactory theory, but there is 
much more understanding of them than there was twenty-five years 
ago. 


Suggestions for further reading: 

The Nature of the Chemical Bond, L. Pau^ (Cornell University Press). This book 
covers a wide range and is of great interest. _ « , . j 

The Transition Metals and their Mays, W. Hiune-Rothery and B. R. Coles. Ad- 
vances in Physics, Philosophical Magazine Supplement, 19541 Yol. 3, page 149. 
Atomic Theory for Students qf Metallurgy, . Hume-Rothery (Institute of Metals). 
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31 — Transition Elements and Ferromagnetism 

O LDER Metallurgist: To the metallurgist, the chief characteristic 
of the transition metals is the appearance of ferromagnetism in 
iron, cobalt, and nickel. From what you have said, I suppose this is 
somehow connected with spinning electrons ? 

Young Scientist: The modern electron theory has thrown a great 
deal of light on magnetic properties, and one of the first applications 
of the free electron theory was in connection with the paramagnetism 
of the alkalis. 

OM; Is it right to say that paramagnetism is a kind of weak ferro- 
magnetism? 

YS; Well, that’s not a statement which would get you high marks 
in an examination, but it’s not altogether wrong. The existence of 
ferromagnetism has of course been known for a very long time, but 
it was not until the middle of the nineteenth century that it was 
shown conclusively by Faraday that, as regards their magnetic pro- 
perties, substances could be divided into three main classes. We may 
imagine that we have a substance in the form of a rod, and suspended 
in a non-uniform magnetic field — ^let us say the field between the two 
poles of an electro-magnet. Then if the rod tends to set itself parallel 
to the magnetic field (see Fig. 1 10(a)) it is said to be paramagnetic) 
whilst if it tends to set itself at right angles to the field it is diamagnetic 
(Fig. 110(A)). The third class of substance, the ferromagnetics, has 
the property of becoming permanently magnetised. This permanent 
magnetism may be destroyed by heating the substance to a sufficiently 
high temperature, and above this temperature the ferromagnetic 
substance becomes paramagnetic. This naturally suggests that ferro- 
magnetism is an extreme form of paramagnetism, or at any rate that 
it is more closely related to paramagnetism than to diamagnetism. 

OM: If I remember rightly, the capability of magnetisation is 



Fig. 110 — To illustrate the tendeucy pamnagnetic substauces (a) to set 

themedves paralld to a nan-uniform magnetic field, and of diamagnetic 
substances (b) to set themselves perpendicular to a magnetic field 
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measured by the susceptibility k, which is defined so that if in a field 
of strength H, the intensity of magnetisation is I, then 

I = kH 

YS: That’s quite right. For diamagnetic substances the suscepti- 
bility is negative, whilst for paramagnetics it is positive. For ferro- 
magnetics the susceptibility is, of course, positive, and is very large 
until the field H becomes so strong tliat the specimen approaches the 
saturation limit. 

OM: In the equation above I refers to unit volume, so that if one 
deals with unit mass, the mass susceptibility x will be equal to w/p where 
p is the density. If one considers tlie elements as a whole, are tlie 
values of x scattered over wide ranges, or do they fall into groups ? 

YS: Speaking generally, the non-transition metals are either weakly 
paramagnetic or weakly diamagnetic, with mass susceptibilities of the 
order io~® to io~’. The data are summarised in Table IX. If one 
deals with the gram-atomic weight of an element, one obtains the 
gram-atomic susceptibility which is equal to x multiplied by the atomic 
weight. As the atomic weights of most metals lie in the range 10-200, 
this means that the gram-atomic susceptibilities of these elements are 
of the order ±10“^ — io~«. The metals of the rare earth group are 
much more strongly paramagnetic, and some of the transition metals 
are somewhat more paramagnetic than the noi'inal metals. All of 
the elements crystallising according to the (8-N) rule are diamagnetic, 
and this diamagnetism is very pronounced for antimony and bismuth. 
Ferromagnetism is confined to the elements iron, cobalt and nickel in 
the First Long Period, and to .some of the rare earth metals (e.g,, 
gadolinium and dysprosium), but in the latter the ferromagnetism is 
destroyed at a low temperature. It is only right to warn you that, for 
the less common elements, the data are not alw^s too accurate, 
because very small traces of iron as an impurity may affect the measured 
values. 

OM: It seems curious that there should be different classes, because 
one would think that spinning cI«:trons would always produce the 
same effect. 


YS : Let us begin by considering the simple free electron theory of 
electrons in a box (Chapter ao). Then at the absolute zero of tempera- 

Pt 

ture, an assembly of N electrons occupies the — lowest energy levels. 


every occupied level containing two electrons, one of each spin. We 
might represent the condition of affairs by Fig. iii(o) in which the 
levels occupied by each spin are shown separately. Now suppose we 
place the assembly in a magnetic field of strength H. The energy of 
each electron whose spin is parallel to the field will then be diminished 
by an 'Amount where p, is the Bohr magneton (Chapter 13, page 
94). Similarly the energy of each electron with anti-parallel spin will 
be increased by Hp, and the condition of affairs may be represented 
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[fhm Modern MagnetUm, Bala. Cambridge Vni^rsi^ Prat 


The gram-atomic suseeptibUitf is equal to the above mass susceptibility multiplied by the atomic 

weight 
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by Fig. 1 1 1 (i). It is clear that in this case the energies of the highest 
occupied anti-parallel levels are greater than those of the highest 
occupied parallel spin levels, and a lower ener^ can be produced 
if some of the anti-parallel electrons change their spin. It must be 
remembered, however, that an occupied level can contain only one 
electron of a given spin, and so the electrons which change their spm 
will have to go into states above those which were previously occupied. 
It is clear, therefore, that a stage will be reached in which the decrease 
in magnetic energy on changing from anti-parallel to paralld spi” 
balanced by the increase in kinetic energy, and a situation such as that 
shown in Fig. iii(c) will result. In this case there is clearly a pre- 
ponderance of electrons with parallel spins, and hence a paramagneuc 
effect. This, however, is not quite the whole story, because it can be 
shown that in quantum mechanics the translatory motion ot me elec- 
trons produces a diamagnetic effect which in the simple meory is 
one-third that of the paramagnetic effect illustrated 
The net result is thus a paramagnetic effect which is two-thirds ol that 
indicated by the simple scheme of Fig. iii. If the electron gas is 
assumed to be completely degenerate, the calculated value of the 
paramagnetic susceptibility is of the order lo , and is thus in ag 
ment with the facts. 

OM: That doesn’t seem to be quite right. The 
metals are weakly paramagnetic, but according to Table lA caesium 
is diamagnetic and this is surely in contradiction to theory. 

YS: You must remember that the above simple theory refers to an 
assembly of electrons in a box, whereas an actual metal contains both 
valency^electrons and metaUic ions. It follows, 
comparing the conclusions of *e simple theory with the obse^ed 
magnetic constants of die alkali metals, one must take into account 
the behaviour of the ions. It can be shown that ^di “mplet«^ 
groups of two, eight or eighteen electrons are weakly as 

with a susceptibility of the order lo *, that is, of die s 
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the paramagnetic susceptibility calculated by the free electron theory. 
It is this which accounts for discrepancies such as the one you referred 
to above, and it is important to realise that if one metal is weakly 
paramagnetic and anotiier weakly diamagnetic, it does not necessarily 
imply any fundamental difference between the two; the whole differ- 
ence may be due to the diamagnetic effect of the ions. 

OM: From what you said in Cliapter 21 about tlie degeneracy of an 
electron gas, it would seem that the paramagnetic susceptibilities of 
the alkali metals must be almost independent of temperature if the 
paramagnetism is due to the valency electrons. 

YS: That is quite right, and the application of the Fermi-Dirac 
statistics to what may be called the weak spin paramagnetism of the 
alkali metals was in fact one of the first applications of the free electron 
theory to the problem of metallic structure. 

OM: It seems to me that the free electron theory may be all very 
well for the weak paramagnetism of the alkali metals, but that it must 
be unsatisfactory for ferromagnetism. If ferromagnetism is in any way 
due to electron spin, it must imply an overwhelming predominance of 
spins pointing in one direction. But if an electron state can contain 
only one electron of a given spin, this would imply an increase in the 
energies of the electrons because they would have to occupy higher 
electron states than if they were in pairs of opposite spin. The ferro- 
magnetic state would thus have a higher energy, and would be 
unstable. 

YS: Your general idea is quite sound, and the ferromagnetic state 
cannot be explained by the above free electron theory. It is clear 
that any preponderance of electrons with one spin must lead to an 
increase in the Fermi energy, and if the ferromagnetic state is to be 
stable there must be some other compensating factor which lowers 
the energy. In the line of approach developed by Heisenberg the 
process concerned is supposed to be the exchange energy to which we 
referred in connection with the molecule. You will remember that 
we saw that the condition of affairs in the Hg molecule was equivalent 
to a rapid interchange or exchange of the electrons between the two 
nuclei, and that the lowest energy resulted when the two electrons had 
opposite spins. Mathematically this is expressed by a certain integral, 
the so-called exchange integral, and for covalent bonds this is negative, 
and the most stable state is that in which the electrons have opposite 
spins. In special circumstances it is, however, considered that the 
exchange integral may be positive, and then the ferromagnetic state 
may be stable. For this to occur certain conditions have to be satisfied. 
In the first place the atoms must have an incomplete shell of electrons, 
and this incomplete shell must have a relatively low electron cloud 
density near the nucleus. From the forms of the radial factor which 
we described in Chapter 12, this means that the quantum number I 
must be large, and the d axiAf sub-groups are those concerned. The 
next condition is that the atoms must not be too far apart, because if 
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the distance between adjacent atoms is large, the interaction is very 
weak, and the exchange integral is so small that the resulting energy 
is insufficient to stabilise the ferromagnetic state. On the other hand 
the atoms must not be too close togetherj because if their electron 
clouds overlap too much, normal bonding occurs with electrons in 
nairs of opposite spin. Ferromagnetism is thus possible only if the dis- 
tance between adjacent atoms is within a certain range which will 
depend on the “ size ” of the overlapping electron shells. If we use 
the symbol d for the distance between two atoms, and m for twice the 
distance from the nucleus to the region where the electron shell con- 
cerned has its maximum density, we may define a quantity D by the 
ratio dim, and in this case the variation of the exchange integral vnth 
D has the general form of the curve of Fig. 1 12. Here you wiU see that 
at small values of D (that is, when the atoms are close together) the 
exchange integral is negative, whilst at large values of D it approaches 
asymptotically to zero. When the different elemente are exaimned, 
it IS found that for those of the iron group D has the correct inter- 
mediate value, where the exchange integral is positive so that ferro- 
magnetism may be shown. The rare earth metals are thought to 
be such that D is slightly too large for ferromagnetism, although it is 
possible that some of these might be ferromagnetic at very low tem- 
peratures, analogously to gadolinium. It is interesting to note that pure 
manganese which satisfies the condition of an incomplete shell is 
non-raagnetic. This is thought to be because D is too small, and it is 
thought that manganese nitride, whidi is ferroma-gnetic, acquires thu 
proSrty because the nitrogen atoms enter the intershces and push 
fhe^manganese atoms farther apart. It is possible that "^w forr°. 
magnetic* alloys may be developed from alloys of other transition 
cleLnts with incomplete d shells if crystal structures can be obtained 
with the appropriate interatomic distances. 

OM: Do you mean that in a ferromagnetic ^ 

am to regard each atom as having so many unoccupied 3d states . 

YS- The elementary magnets of the ferromagnetic state are the 
sptoLg decIlZ, 3 tie ».uration at lot. t^tperature.. 



Fig. ll> 
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expressed in Bohr magnetons per atom, is equal to the number of 
unpaired electron spins in the d shell. In nickel and cobalt the number 
of unpsdred electron spins is equal to the number of vacancies or 
“ holes ” in the d shell, and the saturation moment is thus equal to 
the number of holes in the d shell. 

OM: If I understood you rightly, that means that the ferromag- 
netism is associated with the atomic orbitals of the Pauling theory and 
it is the number of unpaired spins in these orbitals which are responsible 
for the saturation moment. 

YS : That’s right. In the Pauling theory the saturation moment is 
associated with the atomic d orbitab, but this view is not universally 
accepted. The alternative view is based on what is generally called the 
collective electron theory. According to this, all of the d electrons in the 
crystal form a common band, which will hold ten electrons, five of 
each spin. It is convenient to regard this as consisting of two half-bands, 
each containing five electron states per atom of the same spin. In 
paramagnetic cobalt or nickel these half-bands are partly filled to the 
same extent. In the ferromagnetic state, the exchange forces result 
in the one half-band being completely filled and the other half-band 
only partly filled, so that the saturation moment is equal to the number 
of holes, or unoccupied states, in the one half-band. 

OM; That picture makes it easier to understand the fact that the 
saturation moments on Bohr magnetons are not whole numbers. But 
am I to regard all the atoms in, say, cobalt as being in the same state ? 

YS: From the viewpoint of the collective electron theory the atoms 
for nearly all purposes may be regarded as in the same condition. 
There have been theories of superlattices of magnetic and non- 
magnetic atoms, but these have not been confirmed by the new methods 
of neutron diffraction, and it is fairly certain that if the atoms do exist 
in different states, interchange is so rapid that for most purposes they 
can be regarded as all being the same. 

OM: Then, in the case of iron, I suppose the picture is more or 
less the same except that there are more holes in the one half-band? 

YS: That is what was originally thought, but it is now recognised 
that in iron the magnetic forces are not sufficiently great completely 
to fill the one half-band. At a rough estimate, in ferromagnetic iron, 
the one half-band contains 4.65 electrons per atom, and the other half- 
band about a. 45, thus giving a resultant saturation moment of about 
2. a Bohr magnetons, and leaving over 0.9 electrons per atom which are 
in predominantly j states. This is sometimes described by saying that 
in iron there are paired as well as unpaired holes in the d band. 

OM ; All this kind of theory seems to take the exchange integral for 
granted; and has its value ever been calculated? 

YS : That is the weak point of the whole thing. Some attempts have 
been made to calculate the exchange integral and have given a negative 
sign, although until a few years ago it has been fairly generally assumed 
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that a positive integral might well be obtained if the calculations were 
carried through more accurately. Recently several physicists, notably 
Zener, have doubted this, and have suggested that the exchange 
integral will always be negative and that some other cause must be 
found for ferromagnetism. The view has been advanced that the 
forces responsible for ferromagnetism are due to the interaction be- 
tween the s electrons, which are responsible for the electrical conducti- 
vity, and the electrons of the d band. In a crude way, the picture is 
that in any one atom the spins of the s and d electrons are mutually 
aligned, and that when the s electron travels on to the next atom it 
carries its spin with it and lines up the spin of the d electrons of the 
new atom to match those of the atom it has left. At present this is very 
much a matter of speculation and you are right in thinking that the 
ultimate cause of ferromagnetism is really not known conclusively. 

OM : It seems to me that all the theories you have described suffer 
from one outstanding weakness, namely that the single crystals of 
ferromagnetic substances are often unmagnetised. When I was at 
school I was taught that the non-magnetic state of iron was one in 
which each crystal grain was permanently magnetised in a definite 
direction, and that the non-magnetic condition simply resulted from 
the individual crystal magnets pointing in different directions. But 
as far as I understand it, single crystals of iron have now been prepared 
in a non-magnetic state, and so the old explanation is no longer valid, 
and your theory seems to offer no help. 

YS: That point has given rise to a lot of discussion and you are 
correct in saying that single crystals of ferromagnetic substances can 
be obtained in an apparently unmagnetised state. The explanation 
is that the single crystals are not magnetically uniform, but consist 
of a number of small domains which can each be magnetised in 
certain directions. In the non-magnetic state the various domains 
are magnetised in different directions, and their effects neutralise one 
another, and there is no resultant magnetic moment. When an ex- 
ternal field is applied, the domains are regarded as being magnetised 
in the same direction, and then remain in this condition when the field 
is withdrawn. 

OM: That seems to be a purely ad hoe assumption and most un- 
' convincing. 

YS : No. It is not really as bad as that. Direct experimental evidence 
for a domain structure in ferromagnetics has been obtained by methods 
in which carefully prepared surfaces of ferro-magnetic crystals are 
covered with a fine suspension of magnetic oxide of iron. Under 
these conditions it is found that definite patterns are formed within 
the individual crystals, thus indicating a unit of structure smaller 
tVian the single crystal. Some of these patterns are shown in Figs. 
113(a) and (6), and the light and dark portions may change when 
the speSmen is magnetised in different directions. It is only right to 
warn you that many of the older photographs of this kind were in 
error owing to the straining of the surface during the polishing, but 
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■ (i) Outieard (2) {3) Inward 

Fig. 113(a) — ^Patterns of magnetic cdUoid on tbe basal plane of a cobalt crystal widi applied normal field 

The spaces and deposits art interchanged in (i) and (3). Magn^cation approx. 75 X 
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Fig. 114 


this source of error was soon eliminated, and it is now generally agreed 
that strain-free surfaces give rise to patterns, and that magnetic domains 
do in fact exist within the crystal grains. 

OM: The splitting up into magnetic domains seems rather im- 
probable. ■ 

YS : No. That’s not really right. If a single crystal is magnetised in 
one direction there will be free poles at the surface, but the splitting up 
into domains may prevent the existence of these free poles and so lower 
the energy. Some kinds of arrangements found are shown in Fig. 1 14. 

OM; When a magnet is heated the ferromagnetism is destroyed. 
This, I suppose, is the result of the thermal vibrations knocking the 
atoms about, but I have never understood why there is not a gradual 
transition from a ferromagnetic to a paramagnetic state with a whole 
range of intermediate stages. 

YS : The ferromagnetic state in which all the elementary magnets 
take up the same orientation may be regarded as the result of a “ co- 
operative process ” in which the energy required to change the orienta- 
tion of an elementary magnet increases as the orientation becomes 
more perfect. If, for example, the specimen is magnetised completely 
so that all the elementary magnets point in the same direction, then a 
change in the orientation of any one elementary magnet will be 
opposed by the order of the whole assembly, and the energy involved 
will be large. The less perfect the order of the assembly the less will 
be the restraining force on any one elementary magnet. When this 
idea is developed mathematically, it is found that on raising the 
temperature from the absolute zero, the magnetism is destroyed at 
first slowly, and then with a sudden rush over a comparatively narrow 
range of temperature at the so-called Curie Point. This general effect 
of temperature is typical of a co-operative phenomenon, and the 
mathematical treatment explains quite clearly why the destruction of 
magnetism appears to be concentrated over a comparatively narrow 
range of temperature. 
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OM; Apart from their ferromagnetism, the transition metals are 
characterised by abnormally high electrical resistances. This has 
often puzzled me, because their high melting points suggest that at 
room temperatures their atomic vibrations will be relatively small, 
and this would lead one to expect a relatively low resistance. 

YS : That point has been explained satisfactorily by the new theories. 
You will remember that we saw (page a 17) that the electrical resis- 
tance resulted from an interaction between the wave systems of the 
electrons and the thermal vibrations of the crystal lattice. If we use 
the term “ collisions ” to describe these interactions, then a collision 
scatters the electron from one state to another. The factors which 
determine the probability of a collision are naturally very complicated, 
but it can be shown that the probability of an electron being scattered 
into a given state is greater the higher the N{E) curve of the state 
concerned. In a transition metal the conductivity is due mainly to 
electrons of the j-like nature — in the case of the elements of the 
First Long Period, and with higher quantum numbers for the later 
Periods. As the result of collisions these electrons may be scattered 
into other similar states, just as in the case of the alkali metals. But 
apart from these s-*-s transitions, there is also the possibility of an 
electron being scattered into a state derived from the d states of the 
free atoms. It can be shown that the M{E) curve for the d band is 
very much higher than that for the s band, and this means that there 
is a correspondingly high probability of the electron being scattered so 
that it undergoes a transition from a predominantly j-like state to a 
rf-like state. This kind of s->d transition is present in the transition 
metals but not in the alkalis, and it is the possibility of a transition 
of this kind which is the cause of the high electrical resistance of the 
transition elements. 

Suggestions Tor further reading; 

Advances in Physics, W. Hume-Rothery and B. R. Coles, Philosophical Maga^e 
Supplement, 1954, Vol. 3, page 149. 

Atomic Theory for Students of Metallurgy, W. Huihe-Rothery. 

Magnetism and Matter, E. C. Stoner. 

Modern Magnetism, L. F. Bates. 

Progrm in Metal Plffsics, Vol. 3, 195a: article by Uraula M. Martius. 
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32 — The Problem of Plastic Deformation 

O LDER Metallurgist: From the practical point of view, the plastic 
deformation of metals is of the greatest importance. You have 
s ai d on several occasions that the electron theory has not explained 
the plastic properties of metals, and I confess that I found your state- 
ment rather depressing. Do you mean that there is no satisfactory 
theory of plastic deformation? 

Young Scientist; The position isn’t quite so bad as you suggest, 
The essential fact of plasticity is that cohesion persists during a process 
in which the distortion is very large and much beyond the elastic 
range. The general idea of a metallic bond which is not strongly 
directional does enable us to underatand why the plastic cohesion 
persists during the distortion. In the case of a structure built up by 
co-valent bonds, the electron clouds are markedly concentrated in 
certain directions, and we can understand how if a bond is direc- 
tional it cannot persist during deformation, and cannot easily heal 
up when once it is broken. The picture of a metallic bond resulting 
from the motion of electrons between atoms without pronounced 
directional characteristics is clearly much more easily reconciled with 
the existence of plasticity, 

OM: There are substances like glass which go through a plastic 
range, but am I right in thinking that this phenomenon is distinct 
from that of the plasticity of metals? 

YS: That’s quite right. Glasses in their normal state are really 
supercooled liquids which have not crystallised. If you heat a glass at 
not too slow a rate,^ you find that there is a continuous transition 
from what is usuadly called " solid glass,” to an obvious liquid, and 
there is no sharp melting point as there is with a crystalline solid. 
This does not mean that glass is structureless, because there is increas- 
ing evidence that the molecular arrangement in liquids is not completely 
random, but does involve some kind of a structure, although this is 
not a long range ordered structure like that of a crystal. A solid glass 
is thus to be regarded as a very viscous liquid, and examination shows 
that the details of its plastic flow differ from those of a single crystal of 
a metal. 

OM: It will probably be most simple if we deal first with the 
characteristics of single crystals of pure metals. I know from experi- 
ence that if we prepare single crystals of perfectly pure metals, they 
arc usually very soft, and have to be treated with the greatest care 
if they are not to suffer permanent deformation, but I am not sure 
whether such crystals have any real elastic range within which they 

^ If heated too slowly the glass may devitrify or begin to change from a super- 
cooled liquid to a crystalline solid. 
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may suffer deformation, and return to their original length when the 
load is removed? 

YS: When stress — either tensile, compressive, or torsional — ^is ap- 
plied to a single crystal under what we may call normal experimental 
conditions, there is first a very small elastic range within which 
Hooke’s Law is obeyed. The strain is proportional to the stress, and 
on removal of the load the crystal returns to its original size. The 
elastic range is very small but is definite, although it diminishes as the 
temperature rises, and becomes extremely small as the melting point is 
approached. 

OM: What exactly do you mean by “ under normal experimental 
conditions ” ? 

YS: I mean the condition of a normal test in which the load is 
applied and withdrawn comparatively rapidly. If the load is applied 
for long periods, the phenomenon of “ creep ” is encountered, and it is 
doubtful whether even at low temperatures a single crystal has any 
real elastic limit. At high temperatures it is quite certain that single 
crystals show creep under exceedingly small loads. 

You should note, however, that the distinction between " creep ” 
and “ ordinary ” plastic deformation is to some extent arbitrary, and 
may depend on the accuracy of the experimental apparatus. 

If we take a single crystal of a metal, and apply a gradually increasing 
load, there will first be a small range of clastic deformation. In the 
case of the alkali metals and copper, this part of the process can be 
accounted for satisfactorily by the new electron theories of metals, and 
the elastic constants can be calculated. You will see, therefore, that 
the electron theory is approaching the stage at which it may be useful. 
In so far as the practical man is interested in quantities such as Young’s 
Modulus, the theory has reached the stage at which they can be 
calculated from first principles. Of course, the alloys actually needed 
for industrial purposes are not pure metals, but the theory must clearly 
first deal with pure metals before it is applied to alloys. 

OM : Then does the theory enable you to predict the point at which 
the elastic limit is reached ? 

YS : No. From what is known about the vibrational displacements 
of atoms in molecules we should expect the elastic range of metal crystals 
to be much greater than it is. Actually, as you will know, the elastic 
range of a metal crystal is very small, and if an increasing load is 
applied to a single crystal, pleisdc deformation sets in, and if the load 
is then removed the crystal acquires a permanent set. The process 
has been examined in great detail by measurements of the change in 
external shape of a specimen, combined with X-ray diffraction methods 
which enable the change in orientation of the crystal to be followed, 
and wllich also give some information about the deformation process. 
At present I’m afraid that this lies outside the electron theory, except 
that the general idea of the metallic linkage does perhaps enable one 

259 



ELECTRONS, ATOMS, METAI.S AND ALLOYS 

to understand how the crystal holds together during and after the 
deformation process. 

OM: Am I right in thinking that when plastic deformation begins, 
the process is one of slipping on definite crystal planes ? 

YS : If the stress on a single crystal is increased beyond the elastic 
limit, different processes may set in, but the most general type of 
deformation process is one in which planes of atoms move over one 
another, and slip bands appear on the surface of the specimen; 
examples of these are shown in Fig. 115. With copper, silver, and 
gold where the crystal structures are face-centred cubic, slipping occurs 
on the close-packed octahedral planes (that is, the octahedral planes 
exposed in Fig. 77) in the direction of the close-packed rows, and this, 
is nearly always the case with face-centred cubic or close-packed 
hexagonal structures. For the alkali metals where the structure is 
body-centred cubic, slip occurs in the direction of the closest-packed 
rows of atoms (Fig. 78). In this case there are no close-packed planes, 
and the plane of slip varies with the temperature. In a sense, therefore, 
the direction of slip is more fundamental than the plane of slip. 

OM: If one considers the close-packed rows and planes of the 
face-centred cubic structure (Fig. 79) there seems to be a large number 
of alternatives; there are four sets of close-packed planes each with 
three sets of close-packed rows. If we call each combination of a 
direcdon and a plane a mode of deformation, it would seem reasonable 
for slip to occur in the most favourable mode, that is, the one for which 
the component of stress is the greatest. 

YS; That’s quite right. If you know the orientation of the crystal 
relative to the direction of stress, you can calculate the component 
of stress in each of the twelve possible modes of slip, and then the 
direction actually chosen is that for which the component of shear 
stress is the greatest. If the specimen is submitted to a gradually 
increasing load, slip is extremely small until this component of shear 
stress exceeds a certain limiting value — in the case of copper this 
limiting value or critical shear stress is o.i kg/mm®, whilst for silver 
and gold the values are 0,06 and 0.09 kg/mm* respectively. 

OM: It seems to me that any process in which one whole close- 
packed plane of atoms slips bodily over another is impossible on account 
of the immense numbers of atoms concerned. Even if the energy 
required to move an atom from one site to another were very small, the 
fact that there are something of the order 10^® atoms per sq. cm. of the 
slip plane would mean that a large force would be required to produce 
slip, whereas every metallurgist knows that only a very small force is 
necessary to deform a single crystal of a pure metal. 

. YS : What you say is quite right, and it is now generally recognised 
that the process of slip does not take place by the simultaneous sliding 
of one whole plane of atoms over another. It is now thought that the 
®l|p iS'hes place by the passage of a small, intensely distorted region 
which gradually moves across the slip plane. In this way the number of 
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atoms in motion at any one instant is relatively small and so your 
difficulty is overcome. The boundary between the slipped and un- 
slippcd regions is called a dislocation, and although the introduction 
of a dislocation involves a considerable amount of energy, once the 
dislocation has been introduced it moves freely. 

OM : It seems to me that it is improbable because it implies that a 
perfect single crystal should be strong, whereas single crystals of most 
pure metals are notoriously weak. 

YS: That’s a very difficult point. You are correct in saying that 
from the point of view of the dislocation theory, a perfect crystal 
should be strong. But you must remember that, as we saw in Chapter 
1 7, single crystals of metals are not perfect and the dislocation hypothesis 
is therefore not in contradiction to the facts, although the whole position 
would admittedly be much more satisfactory if really perfect crystals 
could be produced, and were shown to be strong. 

OM: It would seem that if a dislocation is to permit one half of a 
crystal to slide over another, the dislocation must extend pretty well 
across the whole width of the crystal. 

YS: In the original theory of G. I. Taylor, that is what is assumed. 
In Fig. 1 16 you will see the kind of process which is suggested. This 
figure represents a cross-section perpendicular to the slip plane which 
cuts the section along the line AB. The actual slip plane is thus 
perpendicular to the plane of the paper, and passes through AB. In 
Fig. ii6(J) there is a compressed region above the slip plane, and an 
extended region below, witli the result that at one point there is a 
serious misfit or dislocation. If this dislocation moves from left to 
right, the effect will be to carry the upper half of the crystal one step 
to the right relative to the lower half. In Fig. ii6(s), the region 
above, the slip plane is expanded, and that below is compressed, and 
if the dislocation moves to the 1^, the final result of the process is 
the samp as in Fig. 116(e). Taylor called these two types of disloca- 
tion positive and negative dislocations respectively, and they are now 
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called Taylor Dislocations, or Edge Dislocations. They lie in the slip 
plane and move in the direction of slip. It is a property of these dis- 
locations that they cannot end within a crystal. They must either 
extend right across the crystal from one side to the other or form a 
closed loop. 

OM : It seems to me that if that is so there will have to be another 
kind of dislocation because a closed loop will not enable the dislocation 
always to lie in the same direction as that of slip. 

YS : That is quite true, and if an edge dislocation does end within a 
crystal, it gives rise to another kind of dislocation known as a sereiv 
dislocation. Suppose that as in Fig. 117 an edge dislocation such as 
Im' extends only part of the way across the crystal so that the portion 
above wxlm' has slipped, whereas that above zym'm has not slipped. 
There will then be a new boundary between slipped and unslipped 
material and this produces a dislocation lying in the same direction as 
that of slip. The structure of these screw dislocations for a simple cubic 
lattice may be understood from Fig. 118, where (a) shows the undis- 
torted crystal and (i) shows the structure after slip has occurred in 
one part, with the introduction of the screw dislocation whose atomic 
arrangement is shown in (c) . In (d) is shown the structure after further 
slip has occurred. Just as tiiere are positive and negative edge disloca- 
tions so there may be right-handed and left-handed screw dislocations. 

OM : It seems to me that all these examples are very improbable, 
and that even if they are accepted they do , not agree with the facts. 


(b) 
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The general evidence is that single crystals become weaker as they 
become more pure and more perfect, whereas the above picture would 
require a perfect crystal to be strong. 

YS: That is not quite right. The dislocation theory does require 
a perfect crystal to be strong, and you are correct in suggesting that 
the lack of experimental evidence on this point is unconvincing. The 
introduction of a few dislocations should then weaken the crystal, 
but the interesting thing is that the introduction of a larger number of 
dislocations may begin to strengthen it again, because the presence of 
one dislocation may interfere with the movement of another. In 
Fig. Ii6(6), for example, we have a contracted region above the slip 
plane, and an expanded region below, and the dislocation moves from 
left to right. The existence of a dislocation of opposite sign might 
then stop this movement, and so strengthen the cry.stal. You will 
see, therefore, that the objection you raised above is not necessarily 
valid. If we dealt with a crystal which contained very few dislocations, 
then increasing perfection should lead to increased strength. But if 
the crystal contained a larger number of dislocations then increasing 
perfection might weaken the crystal, because the interference which 
one dislocation exerts on another would be removed. 

OM : 1 must confess that I still think it all sounds rather doubtful, 
but if one does accept the theory, is one to regard the dislocation as 
being formed naturally in the crystal, or only as the result of previous 
deformation? 

YS: There are many possible ways in which dislocations can be 
formed. They may be produced at the grain boundaries, or at the 
boundaries of the mosaics, if a mosaic structure exists. They may 
also be formed during dendritic growth owing to accidents such as 
those we referred to in connection with lineage structures (Fig. 26, 
p. 120). Also thermal vibrations may produce lattice vacancies which 
accumulate to form dislocations, and they may be produced during 
nucleation. It is also generally agreed that new dislocations are formed 
by deformation. 

OM : This is all very speculative, but is there any real evidence for 
it? 
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YS : Yes. In the last five to ten years there have been great advances 
in the theory of dislocations -which is now much more than speculation. 
The most striking confirmation is in connection with the process of 
crystal growth. When crystals of metals are allowed to grow by 
condensation from the vapour phase, it is found that growth occui-s 
much more rapidly than would be expected if the structure were 
perfect. The facts required some process by which the growth could 
continue in such a way that imperfections remained in the surface of 
the growing crystal and were perpetuated as the growth occurred. It 
was shown by Frank that if a screw dislocation emerged from the face 
of a crystal it gave a model such as that of Fig. 119, and then as new 
atoms were deposited the irregularity was preserved. This has been 
strikingly confirmed by the observation of spirals on the faces of grow- 
ing crystals, and in this way a single hypothesis accounts both for the 
process of slip and of crystal gro-wth. The theory of dislocations has 
made remarkable progress in the last ten years (1944-54) and you will 
find very good accounts in books by A. H. Cottrell and by W. T. 
Read.i 

OM: In considering deformation, the close-packed hexagonal 
structure seems remarkable, because there is only one set of close- 
packed planes. If slip occurs on these, there must surely be very 
marked directional properties. 

YS: That’s quite correct, and Fig. lao shows some of the extra- 
ordinary effects when zinc and cadmium crystals are extended above 
room temperature. Even at room temperature the results are most 
remarkable, and I have been shown single crystals of cadmium pre- 
pared l5y E. Orowan which could be stretched out by hand. The 

* Dislocations and Plastic Flow in Crystals, A. H. Cottrell. Clarendon Press. Disloca- 
tions in Crystals, W. T. Read, jun. McGraw-Hill. 
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sensation was most curious and was like pulling out a rather creaky 
piece of elastic which did not contract on releasing the tension. These 
crystals had. the close-packed glide planes suitably orientated for 
easy slip, but if crystals are prepared with the close-packed planes 
perpendicular to the direction of tension, the resistance to stretching 
is enormously greater. 

OM^ Is a simple slip of the same type the only way in which the 
layers of atoms move over one another during plastic deformation? 

YS; In simple slip, relatively large blocks of metal slide over one 
another, and as far as can be judged from the appearance of slip lines, 
the sliding is confined to restricted regions — you will understand, of 
course, that a visible slip line may involve a large number of atomic 
planes. Another process of deformation is that of twinning^ and this 
type of deformation may often be regarded as the result of simple 
shear in which every plane of atoms slides over its neighbour in a 
definite direction by an amount which is a fraction of a unit spacing. 
If the first plane of atoms slides a distance a over its neighbour, and the 
second plane slides a similar distance relative with the first, you can see 
that the total movement of the second plane is sa. In the same way, 
the third, fourth and fifth planes move total distances of 3a, 4a, and 
5a respectively. The result of this is that the part of the crystal which 
twins undergoes a general movement in a particular direction, and 
after the twinning this part of the crystal is again a single crystal, but 
with an orientation different from the part which has remained 
undisturbed. It can readily be shown that in the twinned part of the 
crystal the position of each atom is a reflection or mirror image of an 
atom in the part which has not been disturbed the two halves of the 
twin crystal are mirror images of one another across the twin plane. 
Distortion by twinning is very common, and you will see that it results 
in each layer of atoms moving a short step over the adjacent layer, 
whereas in distortion by slip the motion is confined to whole blocks of 
metal which slip on a limited number of planes. 

OM; In your description you have spoken of planes of atoms slipping 
over one another, but when a crystal is distorted, does it remain a 
single crystal except for the introduction of new dislocations? 

YS : During the first stages of slip, a single crystal stretched in tension 
remains essentially a single crystal. Its orientation changes as tlie 
result of the slip. 

OM : That’s a point which the usual illustrations do not bring out 
clearly. If Fig. lai (a) shows the crystal in its initial state, with, the 
slip planes marked, and if Fig. lai (6) shows the condition of affairs 
after extension, the slip planes are parallel to those in Fig. lai (a), and 
so surely the orientation has not changed? 

r 

^ There is a second kind of twinning in whidi the orientation of the twin can be 
made to coincide with, that of the matrix by rotation about an axis, the twin axis, 
which is the direction of shear. 
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yS: You are forgetting that in Fig. igi {a) the axis of the specimen 
is vertical, whilst in Fig. 121(6) it is sloping sideways. In an ordinary 
tensile test the specimen remains vertical, and you have therefore to 
imagine Fig. 121(6) tipped up vertically as in Fig. 121(c), from which 
you can readily see how the orientation has changed. Fig. 122 shows 
the same effect for deformation in compression. In the same way the 
fact that slip is in a definite direction implies a change in orientation 
during deformation. 

OM: If that is what happens, there will be complications near the 
grips. 

YS : That is perfectly correct. If you take a single crystal in the 
form of an ordinary tensile test piece with a long parallel portion 
thickening out at each eiid, most of the parallel portion wiU deform 
uniformly as in Fig. 12 1, but at each end the specimen will have to 
deform more on one side than on the other because the two ends remain 
vertically above one another. 

OM: These changes in orientation suggest that as deformation 
proceeds, the mode of slip, which was at first most favourable (that 
is, for which the component of shear stress was a maximum) may even- 
tually become no more favourable than some other mode. In this case 
two kinds of slip might take place, but it is difficult to be sure about this, 
because the first kind of slip might disturb the atomic arrangement 
in such a way that it was more difficult for the second kind to start 
up. 

YS: What you say is quite right, and the results vary from one metal 
to another. The effects are well marked in the face-centred cubic 
structure where there are four sets of octahedral slip planes each with 
three sets of close-packed rows. Here slip on one plane in one direction 
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may soon change the orientation to such an extent tliat another mode 
of slip becomes equally favoured, and then double slip begins, and 
two sets of slip lines are formed. The new slip planes which are brought 
into action as the result of the change in orientation may be called 
latent slip planes. In the case of aluminium, slip begins on the latent 
slip planes as soon as the component of shear stress in the direction 
concerned becomes equal to that in the first direction of slip. This 
implies that slip on one set of planes increases the resistance to slip on 
the latent slip planes to exactly the same extent as on the original slip 
planes, and this is very difficult to imderstand. On the other hand, in 
the case of single ci7stals of tin, slip continues on one set of slip planes 
for a long time after the resolved shear stress law would predict double 
slipping. 

OM: I find it difficult to believe that all this slipping can occur 
inside a crystal without some kind of a break-up of the structure as a 
whole, 

YS : The very simple picture of layers of atoms moving over one 
another without damage is only an approximation which applies to 
the first stages of the distortion proce-ss. As the distortion proceeds, 
a number of different effects arc found, and have been investigated 
by X-ray diffraction methods. You will know that a pattern of 
diffraction spots is produced when a single crystal is submitted to the 
action of X-rays of varying wave length (white radiation). If a 
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distorted single crystal is treated similarly, some of the spots become 
elongated into stress. The effect is known, as asterism and an example 
example is shown in Fig. 123, and is generally regarded as due to a 
bending of spine of the crystal planes. This is not universally accepted 
because a similar effect would result from the breaking up of the 
crystal into small crystallites of suitable orientation, and it is possible 
that the two effects may sometimes take place together. 

Apart from the effect of asterism, it is found that as deformation 
of a polycrystalline metal continues, the X-ray diffraction spots 
become diffuse; this is shown in Fig. 124. This diffuse broadening 
of the diffraction spots or lines may result from variation in lattice 
spacings in different parts of the crystals or from the breaking up of 
the crystals into very small crystallites of differing orientation. It 
is possible to separate these two effects to some extent, and much 
interesting work has been done by Wood, who has shown that when 
metal is severely worked, the broadening of the diffraction lines does 
not proceed to more than a certain limit, and this indicates that there 
is a limit to the extent to which deformation breaks up a metal into 
smaller crystallites. This effect is shown in Figs. 124(0), (6), (c), 
and. (d), where Fig. 124(a) shows a back reflection X-ray diffraction 
photograph of annealed copper; each individual spot is a reflection 
from one crystal. Fig. 1 24(A) is from the same specimen after 4 per cent 
reduction by rolling. The individual dots are now disappearing and 
are being replaced by a ring; this indicates that the original grains 
have been broken up into smaller crystallites. If this process con- 
tinued indefinitely, the diffraction lines should become more and more 
diffuse, but Fi^. 124(c) and i24(rf) diow that this is not the case, and 
indicate that mere is a lower limit to the size of the crystallites. The 
innermost ring of Fig. 124(c) is the (400) reflection and is larger than 
that of the corresponding ring in Fig. 124(A). This indicates that at 
80 per cent reduction the lattice is expanded and strained, but at* 
85 per cent reduction (Fig. 124(d)), part of this strain has been relieved, 
and the ring is of nearly the same size as in Fig. 124(A). For copper 
and silver under what may be called ordinary deformation processes, 
this lower limit to the particle size was estimated by Wood to be about 
lo"® cm. This value is, however, of no great significance because it 
is now generally recognized that several processes are taking place 
together and that much of the line-broadening observed W Wood is 
due to lattice distortion rather than to particle size effects. This means 
that the actual particle sizes deduced by Wood are probably incorrect, 
but it leaves undisturbed Wood’s main conclusion that, since the line 
broadening does not continue indefinitely, there is a limit to the extent 
to which the crystallites are broken up during what may be called 
ordinary deformation processes. This must not, however, be looked 
on as an absolute limit independent of the deformation process, 
because it has been shown by Bridgman that when copper is sheared 
whilst ■’under very high hydrostatic pressures the copper crystals are 
broken up to such an extent that only one or two diffuse diffraction 
lines are shown, and the crystallites are of the order 10“'' cm. 
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OM: Am I right in thinking that all this lies rather outside the 
electron theory we have been considering? 

YS: Yes, I’m afraid that is so. The electron theories have given a 
satisfactory explanadon of the properties of metals within the^ elastic 
range. The dislocation theoiy has made great advances in explaining 
some characteristics of plastic deformation but there is at present an 
unfortunate gap between electron theory and dislocation theory and 
we can but Iiope that this will soon be filled. ^ 


Suggestion for furlher reading. 

For a general description the reader may consult The Stmclure of Mttali bv G S 
Darrett. McCTraw-Hill. ^ w. 



PART III— THE NATURE OF AN ALLOY 


33 — Liquid Miscibility and Primary Solid 
Solution in Alloys 

O LDER Metallurgist; Before we start on the structure of alloys 
there is one point which I should like made clear. In your des- 
cription of pure metals, you emphasised that the electron theory was 
restricted almost entirely to properties within the elastic range. This 
was rather depressing to me as a practical man, because I am so 
frequently concerned with metals in the worked state. In the case of 
alloys the position seems even more confusing, because here I am 
concerned not merely with cold worked alloys, but also with alloys 
in a variety of conditions resulting from their different methods of 
preparation or heat treatment. I may for example have an alloy in 
the “ as cast ” state, and this may have one kind of microstructure 
in which various phases are present. After the alloy h^ been ai> 
nealed, its microstructure and properties may be quite different, and 
by various kinds of heat treatment (quenching, tempermg, ageing, 
etc.) other structures with further properties may be obtained. 

Young Scientist: In general if we take an alloy of a given com- 
position, it can, as you say, be obtained in a variety of conditions, 
depending on the exact methods of preparation, heat treatment, etc. 
So far as the number of phases and their crystal structures arc con- 
cerned, if the alloy is held at a given temperature there is an equili- 
brium state which the alloy tends to approach as time goes on. It toe 
temperature is not too low compared with the melting pomt ot toe 
alloy, the equilibrium state can be reached in a reasonable toe, and 
the properties of the alloy in the equilibrium state can then be studied 
at the tWrature concerned. For example a copper-zinc, 32 atomic 
per cent zinc alloy will in the cast state contain two phases, hut d 
Lnealcd for a few hours at 700° G it will become a smgle phase alloy, 
and thia ia ihe .table attueture at 700" C In tlrn ^ 

■single phase concerned can be retained by quenching, and so toe 
structure which is stable at 700" C can be studied ^^^r at 700 G 
where it is stable, or at room temperature where it is he d m a super 
cooled or metastable condition. This is not necessarily so and in 
some alloys changes take place so rapidly that phases stable at togh 
temperatures can be studied only at the high temperatures conctoed. 

Sneaking generally it may be said that the electron theoiy of metals 
and^alloysls at present concerned mably with the P'^PeJJ^e® ° « g 
phases, knd of the equilibrium between two more phases under 
conditibns in which the equilibrium has been “tabhs^d. In p t 
this means that the theory is mainly concerned with aUoys which ca 
be annealed to equilibrium at some temperature. 
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OM: In that case the theory will be of very little use to me as a 
practical man. 

YS ; I don’t t hinlf that follows at all. There are many cases where 
you are concerned with conditions which are very nearly those of true 
equilibrium — ^for example alloys are often “ homogenised ” by an- 
nealing at some temperature for a time which produces equilibrium 
conditions or something very near to them. But apart from this, an 
understanding of the equilibrium condition is nearly always necessary 
if the non-equilibrium condition is to be understood. You will of 
course know that before the electron theory was developed, a great 
deal of time was spent in studying the so-called equilibrium diagrams 
of alloys. These are diagrams in which the structure of the alloy is 
shown as a fimction of the composition and temperature. If this 
diagram is known, it is often possible to predict in a rough qualitative 
way what will happen under conditions when equilibrium is not 
attained. For example in the case of the copper 32 atomic per cent 
zinc alloy to which we referred to above, solidification from the liquid 
state can produce true equilibrium conditions only if diffusion 
takes place in both solid and liquid phases; if the rate of solidification 
is too great for this diffusion to occur, it is quite easy to show that 
an alloy widi two phases will result. The importance of these equili- 
brium diagrams has long been recognized, and in some cases the 
electron theories have led to a considerable understanding of why a 
given diagram has a particular form — it is even possible to calculate 
the positions of some of the phase boundaries. In fact it may be said 
that in so far as^ the equilibrium diagrams are of practical value to 
metallurgy, the modem theories are of direct application. They also 
enable us to understand why certain types of crystal structure occur 
at particular compositions in some alloys, and in this way we are 
reaching the position at which alloys with a desired structure can be 
built up by the selection of suitable elements. There is of course a 
great deal of semi-empirical knowledge of the relations between the 
physical properties of alloys and their structures, and so we are rapidly 
approaching the stage at which alloys with desired properties can be 
built up. 

OM; If we confine our attention to equilibrium conditions, one 
finds that in the majority of cases, two metals can be melted together 
to form one homogeneous liquid. But there are some exceptions 
where two immiscible liquids are formed — the systems copper-lead 
and lead-zinc are examples. These systems appear to be distributed 
more or less at random over the Periodic Table, and I have never been 
able to understand the controlling factors. 

YS : That is a very difficult problem, and it is probable that several 
different controlling factors are at work, some of which are not yet 
understood. Some of the systems where immiscible liquids are formed 
are those in which the sizes of the two kinds of atom are very different. 
You will remember that in Fig. 99 (page 220) the elements thallium 
and lead have atomic diameters of the order 3.5 kX, and these are 
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distinctly greater than those of most metals except the alkalis and 
later alkaline earths. It is perhaps significant that thallium and lead 
form immiscible liquids with several metals, and there is a number of 
other systems in which the formation of immiscible liquids coincides 
with a marked difference in the sizes of the atoms of the two elements 
concerned. 

Immiscible liquids are also formed in some alloys of selenium and 
tellurium where definite intermetallic compounds are formed. In 
such cases the existence of two liquids is undoubtedly connected with 
the stability of the compound (see Chapter 36). It is probable that 
definite compound molecules are formed which persist as such in the 
liquid, and produce a liquid whose structure is so different from those 
of one or more of the constituent elements that miscibility does not 
occur until a relatively high temperature is reached. But apart 
from these effects there are systems such as aluminium-cadmium where 
immiscible liquids are formed for no very obvious reason, and it must 
be admitted that the electron theories have not so far been successful 
in explaining these phenomena. 

OM: If we turn now from the liquid alloys to the solid state we 
find that in a large number of binary alloy systems, the addition of 
small quantities of one metal to another results in the formation of an 
alloy which is homogeneous,^ and which has many of the characteristics 
of the pure metal. In the early days of metallography this class of 
alloy was examined microscopically, and as there was no evidence of a 
new phase, alloys of this kind were called solid solutions of the one 
metal in the other. For example. Fig. 125 shows the equilibrium 
diagram® of the system copper-zinc, and from this it will be seen that 
copper can take up a.s much as 30-40 atomic per cent of zinc before a 
two-phase alloy is met with. As far as I remember, it was always 
guessed that these solid solutions would have the same crystal structure 
as their parent metals, although there was no direct experimental 
evidence for this in my University days. 

YS: That’s quite right, and the development of X-ray crystal 
analysis in the period 1915—25, showed that the original idea had been 
correct, and that solid solutions of this kind have the same crystal 
structure as that of the parent metal — they are sometimes called 
terminal solid •solutions ox primary solid solutions to distinguish them from 
intermediate phases of variable composition such as /5 brass in Fig. 125. 
Fig. 126 for example shows powder X-ray diffraction films of pure 
silver and of a solid solution of cadmium in silver, and you will see 
that the X-ray diffraction pattern is the same in the two cases. This 
indicates that the solid solution of cadmium in silver has a face- 
centred cubic structure like pure silver. 

^ As explained above the description refers to alloys which have been annealed to 
equilibrium, unless it is expressly stated to the contrary. 

“Reaflers who are not familiar with metallurgical equilibrium diagrams should 
consult Metallurgical Equilibrium Diagrams, by W. Hume-Rothery, J. W. Christian and 
W. B. Pearson, Metallowaphy, by C. H. Desch, or An Introduction to Physical Metallurgy, 
by W. Rasenhain and J. L. Haughton. 
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Fig, 135 — ^Equilibrium diagram of the system copper-zinc 
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OM: On the other hand, the positions of the lines on the two 
films arc not quite the same, so this would seem to indicate that the 
lattice spacing or size of the unit cell has changed; and I suppose 
that is after all only what one would expect if one TtinH of atom goes 
into solid solution in the lattice of another. It seems to me that there 
are two main possibilities — the atoms of the solute may enter the holes 
or interstices between those of the solvent, or alternatively the solute 
atoms may replace those of the solvent so that the two TtinHs of atom 
occupy a common lattice. Are the X-ray methods sufficiently developed 
to distinguish between these two alternatives? 

YS: The distinction can be made quite simply by a combination 
of lattice spacing and density determination. Let us consider a face- 
centred cubic metal of atomic weight X, and dissolve in it a atomic 
per cent of metal of atomic weight Y, Then as we have seen (Chapter 
26, page 194) the unit cell of the face-centred cube contains 4 atoms. 
Let us suppose that we measure the lattice spacing, and hence the 
volume of die unit cell, V. Now let us suppose that the solid solution 
is of the interstitial type. Then the unit cell will contain X atoms at 
each corner and at the centre of each face, and altogether there will be 
four X atoms associated with each unit cell. The mass of these four 
atoms will be 

4 ? 

A 

where A is Avogadro’s Number. For each X atom there will be 
atoms of in Y interstitial solid solution, and consequently 

the total mass associated with the unit cell will be 
4Z 4a Y 
A (100 — a) A' 

This mass will be contained in the volume V, and the resulting 
density can be calculated and compared with the experimental value. 
If the measured density is found to be too small, the results suggest 
that the solid solution is substitutional. In this case since there are 
a atoms of atomic weight Y, and (100 — a) atoms of atomic weight X, 
the mean atomic weight is 

aY (100 — a)X _ ^ I a( Y — X) 

100 100 


and the mass associated with the tmit cell is 


4X 

A 


+ 4® 


jY-X) 
100 A 


You will see that this expression may be greater or less than 


4X 

A 


according to whether Y is greater or less than X. 

Theffirst work of this kind was carried out by Owen and Preston in 
1922-33, and their results showed that solid solutions such as those of 
the system copper-zinc were of the substitutional type. 
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OM: That’s what one would expect from the atomic diameters 
which were shown in Fig. 99 (Chapter 28, p. 2Qo). It is clear that the 
interstitial type of solid solution is only to be expected when one atom 
is very much smaller than another. In fact from Fig. 96, one would 
expect that only boron and c£irbon had sufficiendy small atomic 
diameters to give rise to interstitial solid solutions. 

YS; That’s right. The outstanding example of an interstitial solid 
solution is the solution of carbon in y-iron (austenite) which forms 
the basis of the steels. Apart from this, hydrogen, boron, nitrogen, 
and probably oxygen form interstitial solid solutions in some metals, 
but among the metallic elements themselves the differences in atomic 
diameter are seldom sufficiently great to permit the formation of 
interstitial” solid solution, and most if not all of the primary solid 
solutions in binary alloys of metals are of the substitutional type. 

OM: That doesn’t seem to me to be quite right. In Fig. 99 the 
atomic diameters of caesium and rubidium are so large that one might 
expect other metals to dissolve in them interstitially. 

YS: Actually, one finds that the alkali metals do nod take up ele- 
ments of other groups into solid solution. This serves to emphasize a 
point which we shall often encounter, namely that arguments about 
solid solutions based on atomic diameters or the sizes of the atoms are 
usually of a negative nature. In the case of interstitial solid solutions, for 
example, one can argue legitimately that atoms of one element are too 
large to enter into interstitial solid solution in another metal. But as 
the example of the alkali metals shows one cannot argue that an inter- 
stitial solid solution will be formed when the sizes of the atoms are 
suitable — one can only say that so far as the sizes of the atoms are 
concerned, the formation of an interstitial solid solution is possible. 
In actual practice hydrogen, carbon, nitrogen, and oxygen are the only 
common elements which enter into interstitial solid solution, so that this 
kind of solid solution is the exception rather than the rule. 

OM: If we now consider substitutional solid solutions it seems to 
me that the relative sizes of the atoms must again be important and 
that we shall not expect different atoms to fit together easily on a 
common lattice unless they are more or less of the same size. 

YS : That is perfectly correct, and one can even make a first attempt 
at a quantitative theory. For this purpose we may define the atomic 
diameters of the elements as the closest distance of approach between 
two atoms in the crystal of the element. It is then possible to say 
that if the atomic diameters of two metals differ by more than about 
15 per cent, the primary solid solutions are usually restricted — they 
may be of the order of a few atomic per cent, but not more. We may 
describe this condition of affairs by saying that the size factor is un- 
foBourable. If the atomic diameters differ by less than 15 per cent we 
may say that the size factor is favourable; in this case wide solid 

^ Lithium is an exception to this statement, but its atomic diameter is too small 
for there to be any possibility of other metals entering into interstitial solid solution. 
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solutions may be formed, but as emphasized above we cannot say more 
than this, and it is most important to realise that the mere existence of 
a favourable size factor does not necessarily result in the formation 
of a wide solid solution. You will see, therefore, that the concept of 
size factor is most useful as a kind of negative test — if the size factor 
is unfavourable we can say that tlie primary solid solutions will 
probably be restricted; but if the size factor is favourable we can only 
say that a wide solid solution may (not must) be formed. 

OM: Does this kind of size factor argument apply to all metals, or 
only to specially simple ones ? 

YS; The idea of a critical limiting difference of about 15 per cent 
was first advanced by Hume-Rothery, Mabbott, and Ghannel-Evans 
in 1934 as the result of a systematic study of solid solutions of different 
elements in copper and silver. A general study of the solid solutions 
of different elements in magnesium, aluminium, iron, nickel and some 
other transition metals has shown that the zones of favourable size 
factor are again bounded by a critical difference of roughly the same 
extent (15 per cent), but you must not look on this as a sharp critical 
value. The modern electronic theory shows quite clearly that we cannot 
represent the size of an atom by a single number, but empirically we 
can say that if the atomic diameters are defined as above, then as 
regards the formation of solid solutions, the size factor becomes un- 
favourable at a difference of about 15 per cent. 

OM: It seems to me that there will be complications when one 
deals with elements such as thallium which you said (Chapter 26, 
page 205) were to be regarded as only partly ionised in the crystals 
of the element, but which might be fully ionised in an alloy. In such 
a case it would seem that as regards solid solutions, the effective atomic 
diameter might be smaller than that deduced from the interatomic 
distance in the crystal of the element. 

YS: That is perfectly correct. When indium, white tin, thallium 
and lead dissolve in some metals they undoubtedly enter into solid 
solution in the fully ionised state, and the effective atomic diameters 
seem to be about o.'^kX smaller than those based on the closest dis- 
tance of approach in the crystals of the elements. 

Another complication is found with elements such as gallium, or 
a-manganese where one interatomic distance in the crystal of the 
element is very much shorter than the remainder. Here there are 
suggestions that from the point of view of solid solutions in other 
elements, the effective atomic diameter is somewhat greater than that 
given by the abnormally short distance of approach. In the case of 
gallium, for example, each atom has one close neighbour at 2.44 hX, 
whilst the remaining interatomic distances are considerably grea.ter. 
Here there is some evidence that the atomic diameter of gallium 
should" be regarded as about 2.6 kX from the point of view of solid 
solution in other elements. Complications of tiiis kind undoubtedly 
exist, but on the whole it is remarkable how much has been covered 
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by the simple concept of a favourable zone bounded by a difference 
of 15 per cent. 

OM : I should like to see one or two examples of the way in which 
the size factor principle can be used. 

YS: Suppose we consider the solid solutions of the elements of the 
B Sub Groups in copper and silver — ^we will regard the elements of 
the two Short Periods as analogous to those of the B Sub Groups for 
this purpose. The atomic diameters of copper and silver are 2.54 kX 
and 2.88 kZ respectively. If we multiply these values by 15 per cent 
we obtain 0.38 kX and 0.43 kX respectively as the limits of the zones 
of favourable size factor for these two metals. In Fig. 1 2 7 I have drawn 
dotted lines 0.38 kX units above and below the point for copper, 
and 0.43 kX units above and below the point for silver, and these 
lines define the zones of favourable size factor. You will see that the 
two zones overlap, and in this way many apparent anomalies are 
accounted for. 

Let us consider first the elements of Group II. Here you will sec 
that beryllium is outside the favourable zone for silver, but inside that 
for copper. We are therdbrc led to expect a restricted solid solution 
of beryllium in silver, in agreement with the facts, and we can under- 
stand why there is a considerable solid solution (ca 18 atomic per cent) 
of beryllium in copper. With magnesium the position is reversed, 
and the size factor is favourable for silver but not for copper — we can 
thus understand why the solubility of magnesium in copper is res- 
tricted, and why there, is a wide soud solution (co 30 atomic per cent) 
of magnesium in silver. When we turn to zinc, you will see that the 
size factor is favourable for both copper and silver, and here wide 
solid solutions (ca 40 atomic per cent) are formed in both metals. 
Cadmium is just outside the favourable zone for copper, but within 
that for silver, and here the solubility in copper is small, and that in 
silver is large (ca 40 atomic per cent). 

OM: The principle seems to go wrong for mercury, because there 
is a considerable solid solution of mercury in copper (ca 9 atomic 
per cent) although Fig. 127 shoY-s the point for mercury to be just 
outside the favourable zone. 

YS ; In the system copper-mercury the data are not yet conclusively 
established. The value of 9 atomic per cent which you quote was 
obtained by a very indirect method — the temperatures were noted 
at which drops of mercury appeared on heating different amalgams; a 
very much smaller solubility htis been claimed by an X-ray method. 
In this case further work is undoubtedly needed, but even if the value 
of 9 atomic per cent which you quoted were confirmed, it would only 
be a fraction of the normal solubilities of the Group II Elements in 
systems where the size factors are favourable. It is only right to say 
that the example chosen — the solubilities of the Group II Elements 
in silver and copper— is an extremely simple one, and things don’t 
always work out so nicely when the size factors are favourable. When 
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one considers alloys of a given metal one should, however, always 
begin by drawing up a diagram analogous to Fig. 127 and when the 
size factor is unfavourable the solid solutions are nearly always res- 
tricted. But in many alloys where the size factors are favourable wide 
solid solutions are not formed, and we shall consider the reasons for 
this later. 

OM: In Fig. 126 you have shown X-ray diffraction films of the solid 
solutions of cadmium in silver. These have quite sharp lines, and their 
displacement relative to the lines for pure silver indicates that the 
formation of the solid solution is accompanied by an expansion of the 
lattice. This is a point which always puzzles me. The sharpness of the 
lines suggests that the lattice spacing is perfectly uniform throughout the 
alloy, but I find it very difficult to understand how solute atoms can 
produce a lattice distortion which is not to some extent localised round 
each foreign atom. 

YS: That is a point on which there is a great deal of misunder- 
standing, and it is important to realise that in such a case a sharp 
diffraction line does not indicate a perfectly uniform lattice spacing 
throughout the alloy. The lattice spacings of solid solutions measured 
by X-ray methods are mean values for the alloy as a whole, but local 
distortions can occur round solute atoms witiiout producing fuzzy 
diffraction lines. The phenomenon is, roughly speaking, the three- 
dimensional analogue to the effects observed when an optical diffrac- 
tion grating contains irregularities. In the latter case quite sharp lines 
can be obtained even though the grating is known to contain errors, 
and by analogy we can understand how a metallic solid solution may 
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contain regions of local distortion 
round the solute atoms, and yet 
give rise to sharp lines on the 
diffraction films. You will see, 
therefore, that your general feeling 
that there would be a local distor- 
tion round each solute atom was 
quite correct. In the solid solutions 
■ of cadmium in silver there is a 
general expansion of the lattice as 
a whole, but this is not uniform, 
and you may probably regard each 
cadmium atom as producing a 
localised effect in its immediate 
vicinity, but the nature of this is 
rather a matter of speculation, 
because it is not revealed by the 
ordinary X-ray methods. 


ooso ooooao 
oooooo»oo 
oooooooooo 
0*0000000 
00000*0000 
0000*0090 

oooooooooo 
ooooooooo 
000 * 0000*0 
0*0000000 
ooooo**ooo 
oooooo ooo 
00*0000000 
00000*000 
oooooooooo 
• oooooooo 
oooooooo** 
0 * 0*00000 
oooooooooo 
(a) Diiorder 

Fig. 138 fa, b, c] 


OM; Am I right in thinking 
that in ordinary primary solid 
solutions the solute atoms are 

arranged quite at random throughout the common lattice ? 'rhis is 
what seems to be implied by the expression “ random solid solution," 
or “disordered solid solution” which I have often come across. 


YS; That’s another very difficult point. In the ordinary primary 
solid solution, it is quite certain that there is no long-range order , in 
the sense of a regular arrangement of solute atoms which persists over 
distances large compared with the size of the unit cell. If long-range 
order existed it would be revealed by the appearance of extra lines in 
the diffraction films — this effect is in fact sometimes found, and we 
shall consider it later when we deal with superlattice structures. The 
ordinary solid solution shows no long-range order, and is usually 
described as random or disordered, but it is I think fairly certain that a 
short-range order exists, in the sense that solute atoms tend to avoid 
being closest neighbours to an extent greater than that which would 
result from a purely random arrangement. You will understand that 
even in a dilute solid solution, a purely, random arrangement of atoms 
would result occasionally in two solute atoms being closest neighbours. 
There is a certain amount of evidence that solute atoms tend to avoid 
being closest neighbours, and that this is accomplished by some kind 
of short-range order, that is, an order which is, not maintained over 
long ranges. Fig. laS may help you to understand how short-range 
order can occur without long-range order. You might at first imagine 
that both Figs. ia8(a) and I28(ft) showed completely random arrange- 
ments of the full circles relative to the open circles; but a more careful 
examination will reveal that in Fig. I28(t), no two full circles are either 
closest, or next closest neighbours, whereas in Fig. i28(fl) the arrange- 
ment is completely random; the relative numbers of open and fiill 
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circles are the same in these two figures. Fig. i a 8(c) shows an arrange- 
ment in which a definite pattern or long-range order exists. In copper- 
gold alloys the solid solution of gold in copper containing 35 atomic 
per cent of gold is commonly said to have a disordered structure at 
high temperatures, but more advanced methods of X-ray crystal 
analysis (including a study of the relative intensities of the diffraction 
lines and the background) have given evidence for the existence of 
short-range order, and a great deal of theoretical work has been carried 
out on this problem. The above alloy is of course a concentrated 
solid solution, but I think it is fairly probable that short range order 
exists in most of what are commonly called disordered solid solutions. 
For a given atomic percentage of solute in a given solvent, the degree 
of short-range order may be expected to increase with difference in 
atomic diameters of solvent and solute, and with the difference in die 
electro-chemical nature of the two metals (see Chapter 39), but this 
statement is not one for which there is yet any definite experimental 
proof. The whole subject of short-range order is of great interest and 
importance, and it is unfortunate that the experimental evidence is 
as yet so meagre. 
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O LDER Metallurgist: 1 1 seems to me that most of what you said 
last time about the size factor principle is only common sense. 
One wouldn’t expect atoms of widely different sizes to fit together on a 
common lattice. 

Young Scientist: The interesting thing about the size factor 
principle is that the effect of unfavourable size factor seems to come 
into play rather suddenly when the atomic diameters differ by about 
15 per cent. As we shall see later there are some alloys in which the 
solid solubility limits follow fairly simple principles. In such cases, 
the relative atomic diameters of the two metals always affect the 
solubility limits to some extent but it seems that when the difference 
reaches about 15 per cent, there is a marked increase in the difficulty 
with which the two kinds of atom will fit together on a common lattice. 
It is as though metallic lattices can tolerate differences up to about 
1 5 per cent fairly easily, but then find an enormously increased difficulty 
in accommodating larger difference. 

OM: You have emphasized that a favourable size factor does not 
necessarily imply that a wide solid solution is formed. This suggests 
that the relative size of the atoms is only one of the factors concerned 
in the formation of solid solutions. 

YS : That’s quite right, and the next principle can be put very simply 
by saying that if we deal with an alloy of two metals which differ 
widely in electro-chemical characteristics — that is an alloy where one 
metal is very electropositive compared to the other — there is always 
a tendency to form stable intermediate phases or intermetallic com- 
pounds at the expense of the primary solid solutions. In such a case 
you may regard the solute atoms as having a choice of entering the 
solid solution or the intermetallic compound, and the tendency to enter 
the compound increases as the two metals differ more widely in their 
electrochemical characteristics. For example, the alkali metals are 
very electropositive compared with most if not all other metals, and 
it is unusual for an alkali metal to form a solid solution in or with an 
element of another group. Lithium is to some extent an exception to 
this rule, and it is of course the least electropositive of the alkali metals. 

OM : Then do the alkali metals form solid solutions with one another 
when the size factors are favourable? 

YS: Oh, certainly, yes! Rubidium and caesium, potassium and 
caesium, and potassium and rubidium form continuous series of solid 
solutions extending from 100 per cent of one metal to 100 per cent 
of the other — Fig. 129 shows the equilibrium diagrams. There is 
nothing in an alkali metal per se which prevents it from forming solid 
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Fig. 139 — GqulUbrlum diagrams of the systems K-Rb, K-Cs 
and Rb-Cs 


solutions. It is the combination of the alkali metal with a relatively 
electronegative metal which prevents the formation of the solid solu- 
tion. In the same way if you take an electronegative element such as 
antimony, and alloy it with an electropositive element such as mag- 
nesium, the solid solution in antimony will be restricted by what we 
may call the electro-chemical factor. 

OM : If I understand you rightly, we are now in a position to say 
that an unfavourable size factor -^1 prevent the formation of any 
considerable primary solid solution, and that a combination of an 
electropositive and an electronegative metal will have the same effect. 
This suggests that if we are to find any further general principles about 
solid solutions we must examine systems where the size factors are 
favourable, and the electrochemical factors are small. 

YS; That is how the problem was actually approached. If you 
refer to Fig. gg (page aao) you will see that if we take copper as the 
solvent metal, the succeeding elements zinc, gallium, germanium and 
arsenic are all of favourable size factor. Similarly with silver as 
solvent, cadmium, indium, tin and antimony are of favourable size 
factor. Further, in these metals the electrochemical differences are 
not too pronounced. Of course, zinc is electropositive compared wth 
copper, but the differences are much smaller than in a combination 
such as 'Silver-magnesium. In Fig. 130 I have drawn the equilibrium 
diagrams of the copper-rich alloys of the systems copper-zinc, copper- 
galnum, copper-germanium, and copper-arsenic. You will now see 
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that a very clear and definite valency principle exists, and that in- 
creasing valency results in an increasingly steep fall in the liquidus 
and solidus curves, and in a regular decrease in the extent of the solid 
solution. Exactly the same principles apply in the silver-rich alloys 
of the systems silver-cadmium, silver-indium, silver-tin, and silver- 
antimony. Further, in the system silver-gold where the size factor 
is very favourable, and the valencies are the same, there Is a complete 
range of solid solution from lOO per cent silver to lOO per cent gold, 
whilst the liquidus and solidus curves pass smoothly from one melting 
point to the other as shown in Fig. 131. 





Fig. 130 
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Rg. 131 '-Equilibrium diagram of the system silveisgold 

OM: The general principle is certainly very clear, and it might, I 
suppose, be due either to the increased charge on the ions of the solute, 
or to the fact that increasing valency means that for a given atomic 
percentage of solute an increasing number of electrons is being added 
to the lattice. 

YS; Those are the two obvious alternatives, and the second of 
these was indicated by the fact that, to a first approximation the 
solubility limits of the a-solid solutions occur at roughly the same 
electron concentration. By electron concentration is meant the ratio of 
valency electrons to atoms. 

In the systems copper-zinc, and silver-cadmium, the maximum solu- 
bilities of zinc and cadmium are of the order of 40 atomic per cent. 
Since these are divalent solutes, you can readily see that in the alloy 
containing 40 atomic per cent cadmium, there will be: 

40 cadmium atoms contributing 40 X 2 = 80 valency electrons 
60 silver atoms contributing 60 X i = 60 valency electrons 

Total 100 atoms and 140 valency electrons 

The electron concentration is thus = 1.40. 

100 

In the system copper-gallium and silver-indium, the maximum solu- 
bilities of gallium and indium are of the order 20 atomic per cent and 
here we have : 

20 atoms of trivalent indium = 60 valency electrons 
• 80 atoms of univalent silver = 80 valency electrons 

to 140 valency electrons 
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Fig. 13a — Equilibrium diagram o£ the system copper-gallium 

The electron concentration is thus again 1.40. You can readily see that 
if this principle held exactly, the solubilities of the tetra-valent and 
penta-valent elements should be 13.3 atomic per cent and 10 atomic 
per cent respectively, whereas actually they are only about 12 atomic 
per cent and 7 atomic per cent respectively. The general tendency 
is, however, clear, and the electron concentration principle holds 
fairly accurately for the divalent and trivalent solutes. 

OM; What you say is very interesting, but it seems to me that you 
are going too fast. The a-solubility curve is a curve which gives the 
composition of the saturated a-solid solution in equilibrium with a 
second phase. Surely, therefore, the o-solubility curve must depend 
on the nature of the second phase, and it is unjustifiable to consider 
the one curve alone? 

YS; You are quite correct in saying that the full story must involve 
the nature of the second phase, but you will see that the general 
empirical valency effect is shown very clearly by the above curves. 
If you examine the copper-zinc diagram, you will see that at high 
temperatures the a-solid solubility curve has the rather curious 
characteristic that the solubility increases as the temperature falls. 
In general one expects the solubility to increase with rising tempera- 
ture, because one expects that at high temperatures the greater ampli- 
tude of the thermal vibrations will make it more easy for the lattice 
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to accommodate foreign atoms. In the ajP brass solubility curve the 
tendency is in the opposite direction, and experiment has shown that 
the ;8-phase has a body-centred cubic structure. From Fig. 132 you 
will see that the copper-rich portion of the equilibrium diagram of 
the systern copper-gallium has the same characteristics, and X-ray 
crystal structure work has shown that in this system the jfl-phase 
again has a body-centred cubic structure. In these two systems, 
therefore, your requirements arc satisfied because in each case the 
second phase has the same structure. Fig. 133 shows the a/(tt + p) 
solubility curves for these two systems drawn in both atomic per- 
centages and in terms of electron concentration, and you will see that 
when drawn in terms of electron concentration the curves are very 
nearly superposed, and this clearly suggests that electron concentration 
is the predominant factor in determining these solid solubility curves. 
The fact that the two curves are not exactly superposed is the result 
of the lattice distortion being different in the two systems. 

OM: When you say that electron concentoation is predominant in 
determining this kind of equilibrium, do you mean that the nature of 
the atoms doesn’t matter, and that the whole effect is due to electron 
concentration? 

YS : To a first approximation, yes. In this particular class of alloy 
where the size factors are favourable and the electrochemical factors 
are small, you may regard the substitution of eaclt atom of zinc for 
one of copper as simply resulting in an increase of one valency electron 



Fig, 133 — Solidus and solid solubility curves for the systems copper-zmc 
and copper-gallium in terms of atomic percentages and electron 
concentration 


electrons, atoms, metals and alloys 



to the lattice— siinilarly the substitution of an atom of adds 

two valency electrons. The idea that this kind of equilibrium was 
determined mainly by the ratio of valency electrons to atoms was 
advanced in 1934 by Hume-Rothery, Mabbott and Channel-Evans. 
These workers showed that the copper-zinc and copper-gallium curves 
were almost superposed when drawn in terms of electron concmtraUon 
as in Fig. 133, and they also showed that the corresponding a(/a + P) 
boundaries from other copper and silver alloys (for example, copper- 

ago 
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aluminium, silver-aluminium, silver-cadfnium, silver-zinc) were all 
roughly superposed when drawn in terms of electron concentration. 
These were all systems where the size factors were favourable, but in 
the system copper-tin where the same kind of equilibrium is found, 
the solubility of tin is only about three-quarters of that to be expected 
from this simple principle, and as you will see from Fig. 127, tin is on 
the extreme edge of the zone of favourable size factor for copper. 
Later work showed that the a/ (a + jS) boundary in the system copper- 
indium is at a very much lower atomic percentage of indium than would 
be expected from the simple electron concentration principle, and the 
size factor for indium is again on the borderline of the unfavourable 
zone. These results are summarised in Fig. 134 in which the solubility 
curves are drawn in terms of electron concentration. You will see 
how the curves for copper-indium and copper-tin are clearly distin- 
guished from those where the size factors are favourable. From this 
it was concluded that the simple principle of electron concentration 
held only in the absence of lattice distortion, and that the effect of the 
latter was relatively small within the favourable zone, but became 
overwhelmingly important as the unfavourable zone was approaclied. 
The general idea of an equilibrium determined by electron concentra- 
tion was then developed by H. Jones on the basis of the Brillouin zone 
theories in 1937. You will understand that when once the idea had 
been gained that this aj/} equilibrium was determined mainly by 
electron concentration, it was natural to try to calculate the energies 
of the valency electrons in the different crystal lattices. 

OM: The general valency sequendes shown in Fig, 130 are very 
fascinating, but you have not explained whether they refer to copper 
and silver alloys only or whether alloys of other metals show similar 
relations. 

YS: If the interpretation of Fig. 127 on the basis of electron con- 
centration is correct, it implies that when solid solutions are formed 
we have to consider the relative numbers of valency electrons and 
atoms. Put very naively we may say that when we fit atoms together 
to form solid solutions we have to consider not merely the sizes of 
the atoms, but also the numbers of valency electrons which they 
contain. Atoms of the same size fit together most easily if they contain 
the same number of valency electrons. From this it follows diat if we 
consider alloys of elements in the same group of the Periodic Table, 
there is a general tendency for wide solid solutions to be formed if 
the size factors are favourable. You will see that this principle is 
satisfied for the alkali metals of Fig. 129, and also for the alloys of 
silver and gold (Fig. 131). Similarly in Group II, the size factor is 
favourable in the system magnesium-cadmium, and here the equili- 
brium diagram (Fig. 135) shows a continuous series of solid solutions at 
hi'gh temperatures, although there are transformations at low tempera- 
tures which involve the formation of superlattices (Chapter 39). In the 
system calcium-strontium the size factor is favourable, and there is 
again a continuous series of solid solutions. The principle does not 
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Fig. 13J — EquUlbrium diagram of the system magnesium- 
cadmium 


always hold, but there are undoubtedly many cases in which con- 
tinuous solid solutions are formed between two metals in the same 
Group of the Periodic Table if the size factor is favourable. 

OM: In the alloys of Fig, 130 the solute metal always has a higher 
valency than the solvent, and so the formation of the solid solution 
increases the electron concentration. Reference to Fig. 125 shows 
that whilst there is a wide solid solution of zinc in copper, the solid 
solution of copper in zinc is very restricted. This suggests that as 
regards the formation of solid solutions a decrease in die number of 
electrons is more serious than an increase. Is this in any way a general 
principle for alloys as a whole? 

YS: That is a very difficult point. If one considers the alloys of 
copper, silver and gold with elements of higher valency, it is a quite 
general principle that the solid solution in the element of high valency 
is smaller than that in copper, silver or gold. But with combinations 
of two elements of higher valency, no very general principles have yet 
been discovered. For example, the solid solubility of zinc in aluminium 
is greater than that of aluminium in zinc, so that here the solubility 
in the element of higher valency is the greater, in contrast* to the 
behaviour in the copper and silver alloys. These complications are 
probably connected with the form of the M{E) curves which we dis- 
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cussed ill Chapter 23, In copper, silver and gold there is only one 
electron per atom, and this corresponds to a point before the first 
peak on the JV(£) curve, and hence to a region where the JV‘(£) curve 
and the energy relations are relatively simple, With the a-, 3-, and 
4-valent elements the numbers of electrons per atom are so great that 
they correspond to points among the peaks and valleys of the N{E) 
curve, and here the energy relations are naturally much more com- 
plicated, and so no simple general principles are found. 

You should, however, note that when we are dealing with structures 
involving co-valent bonds, we may expect- the substitution of an 
element of lower valency to be less probable than one of higher valency. 
In the case of germanium, for- example, each atom has four valency 
electrons and four close neighbours. It shares one valency electron 
with each neighbour, and so builds up an octet, and it is clear that 
if we replace a germanium atom by one of lower valency we shall have 
insufficient electrons to form the co-valent bonds, and in this kind 
of structure we may expect it to be more serious to have too few 
electrons than to have too many. But with normal metallic elements 
it is not yet possible to generalise in this way, although the effect in 
copper, silver and gold alloys is very clear. 
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35 — Primary Solid Solutions, III: The Brass 
Equilibrium 

O LDER Metallurgist: You explained last time how it had been 
discovered empirically that when the size factor was favourable, 
the oi/(tt -h fi) solubility curves in systems such as copper-zinc, copper- 
gallium, and copper-aluminium were detennined mainly by electron 
concentration. But I'm afraid I find it very difficult to visualise whal 
is going on, particularly in view of what you have said before about 
electrons being in motion throughout the crystal. If the valency 
electrons were fixed on tlie points of a lattice interpenetrating that 
of the atoms I could understand how there might be only so many 
lattice points available, and how the lattice might be able to accom- 
modate only so many additional electrons, but if I understand you 
rightly, this is what docs not happen. 

Youno Scientist; You are quite right in saying that the valency ^ 
electrons are all in motion in the lattice, and the process which deter- 
mines the limit of the solid solution may be understood by considering 
the relative energies of different structures. Strictly speaking we 
should say that the equilibrium state of an alloy is characterised by a 
minimum value of the Jree energy?' In developing the electron theories 
of alloys it is customary to begin by considering the state of affairs at 
the absolute zero. At this temperature the free energy is equal to the 
total energy, and wc can simply say that the equilibrium structure of 
an alloy is the structure which has the lowest energy. Now we saw in 
Chapter 29 that in copper and silver the face-centred cubic structure 
was more stable (that is, had a lower energy) than the body-centred 
cube because of the interacdon of the outermost electrons of the Cu+ 
or Ag+ ions. You will remember that so far as tire valency electrons 
were concerned there was no appreciable difference between the 
stabilities of the face-centred cubic and body-centred cubic structures 
at an electron concentration of i.o. When we dissolve zinc in copper, 
we inaease the number of valency electrons per atom, and conse- 
quently we increase the energy of the electrons. If this process is 
continued, it is quite possible that a stage will be reached at which 
the electrons will have a lower energy in some other type of crystal 
-stlcyclaTe, and in this case the face-centred cubic structure may no 
"^^Upnger be the stable form. It is not possible to give any mechanical 
tbLSicture of why the face-centred cubic structure becomes unstable when 
iJ^elfictron concentration exceeds about 1.4. It is, however, quite 

cnef^In general an alloy in equilibrium takes up the structure for which the free 
? is a minimum, where F is defined by the relation ^ 

F=U-BS 

In this expression, U is the total internal energy, B the absolute temperature and S 
the entro^. 
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easy to show that when the electron concentration reaches a value of 
about 1 .4, the addition of further electrons to the face-centred cubic 
structure results in a relatively rapid increase in the energy, and this 
leads us to expect a tendency for some other structure to appear, that 
is for the a solubility limit to be exceeded. 

OM: I can see the general idea, but surely one must need a lot of 
elaborate information before the M{E) curve and other energy charac- 
teristics of the electrons can be calculated. 


YS: The full calculation is naturally very complicated, but for- 
tunately drastic simplifications can be made which enable one to 
obtain a rough estimate very easily. You will remember that (Fig. 
57, page 166) the first Brillouin zone of the face-centred cubic structure 
is bounded by a combination of octahedral and cube faces, and as 
the electron states are gradually filled up, the Fermi surface first 
touches the octahedral faces; these faces correspond with Bragg 
reflection in the (m) planes of the lattice. The first simplifying 
assumption we may make is that the Fermi surfaces are spheres. This 
means that with increasing numbers of electrons the occupied states 
in A-space lie within spheres of continually increasing diameter, and 
we may now calculate the electron concentration at which a spherical 
Fermi surface first touches the octahedral face of the zone — this electron 
concentration will correspond with the first peak on the N{E) curve, 
that is, the peak A in Fig. 136. Since we are assuming the Fermi 
surfaces to be spherical we may use the free electron theory approxima- 
tion. The momentum p is then equal to A/ A where A is the wave 
length, and if we denote by pmax the momentum of an electron on the 
surface of the sphere, we shall have as in Chapter 20 : 


3 


^4 _m 

s’^Aa 2V 


and hence for an assembly of JV" electrons in a volume V 



In this way for the electron states corresponding to the first peak 
on the Pf{E) curve, we obtain one equation connecting the wave length 
A, of the highest occupied state, with the number of electrons, JV, and 
the volume V. It is now possible to obtain another relation connecting 
A and V with the number of atoms JVa, and this may be done as follows. 

For the electron states on the surface of a zone, the wave length 
satisfies the Bragg equation 

nA = 2d sin B 


For the faee-centred cubic structure the firat peak on the JV(£) 
curve corresponds with Bragg reflections from tl^ (m) planes, and 

the interplanar spacing, d, of these is equal to where a is the side 

of the unit cell. Where the Fermi surface first touches the zone, the 
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Fig. 136 — ^N(E) curve for face-centred cubic structure 

[Cmirlesy Tlie hsUMe of Mclah 

The points A and B represent the stages at udiicli the Fermi st^ace of occupied states first 
touches the octahedral and cube faces of the first Brillouin zone. The curve is from calculations 
by N. F. Mott and H. Jones, and assumes the eiiergy gaps at the zone boundaries to be those 
deduced for copper from its optical properties 


A = Sfl ■ 


first order reflection is such that w = i, and 6 = 90° in the Bragg 
equation, and we may therefore write: 

for nX=cidsm_B 

Vs 

3 

Since the unit cell contains 4 atoms, we may write 

^a 4 

7 “fl* 

where ffg is the number of atoms in volume V. Substituting this in 
the above expression for A we have 


3 UJ 


If this expression is now united with the previous equation con- 
necting A and M we obtain 

/STT^y V 

[^jvj - 3 ”U;y 

and hence 

y_=..36. 

You will see that by combining our knowledge of the real form of 
the Brillouin zone with the simplilying assumption of spherical Fermi 
surfaces,, we conclude that the first peak A (Fig. 136) on the JV(£) 
curve of the face-centred cubic structure will correspond to an electron 
concentration of about 1.36, that is, 36 atomic per cent of zinc, 18 
atomic per cent of gallium, la per cent of germanium, or 9 per cent of 
arsenic in the copper alloys. 

Now a high N{E) curve means that a given number of electrons 
can be accommodated with a relatively low energy, and cefnversely 
a low ff{E) curve means that the energy of a given number of electrons 
is high (Chapter ig, page 137). You will see therefore that if we 
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increase the electron concentration beyond i .36, for example if we 
increase the zinc content beyond 36 atomic per cent, then the addition 
of further electrons (or more zinc atoms) will mean a relatively rapid 
increase in the energy of the electrons. This conclusion refers to the 
JV(S) curve of the face-centred cubic structure, but you will realize 
that there is a large number of alternative possible crystal structures. 
If one of these has an N{E] curve which continues rising beyond an 
electron concentration of 1.36, then so far as the electronic energy 
is concerned we shall expect this structure to become relatively more 
stable than the face-centred cubic structure as the electron concen- 
tration increases beyond i .36, because the higher N[E) curve means 
that the electrons can be accommodated with a lower energy. The 
calculation of an electron concentration of approximately 1.36 for 
the first peak on the JV(jB) curve of the face-centred cubic structure 
enables us to say that when the electron concentration increases 
beyond i .36 we may expect the face-centred cubic structure to become 
less stable than some other structures, and you will see that it is just 
about this electron concentration that the maximum solubilities of zinc, 
gallium,, and germanium in copper are found. 

OM: That would imply that the exact details of the process should 
depend on the crystal structure of the phase with which the o solid 
solution is in equilibrium, since each structure has its own characteristic 
N(E) curve. 

YS; That’s quite right. The theory has not yet reached the stage 
of predicting what happens in a mven alloy system, but if we know 
the crystal structure of the second phase, then we can compare tlie 
N{E) curves of the two structures, and see how the relative energies 
of the valency electrons are related. 


OM: In the afi brass kind of equilibrium we know the ^-phase 
has a body-centred cubic structure, so it should be fairly easy to 
calculate the position of the first peak on its N{E) curve. 


YS: That can be done quite simply. The first Brillouin zone of 
the body-centred cubic structure is the rhombic dodecaliedron of 
Fig. 58 (page 167), and its surfaces correspond with Bragg reflections 
from the (no) planes of the lattice, whose interplanar spacing is 

equal to where a is the side of the unit cell. The unit cell contains 


JV -A 

2 atoms so that we may write where Na is the number of 


atoms in volume V. These expressions have to be used in place of the 
corresponding expressions for the face-centred cubic structure, but 
otherwise the calculation is exactly the same as the one detailed above 
and you will readily find that 

• ^ 1 aR 

So the first peak on the N{E) curve for the body-centred cubic structure 
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Curves sliowiiig tiu mutter qf stales per unit energy range as a/imcUon qf the energy (a) Fur 
the face-centred cubic structure; (A) fir the body-centred cubic structure 



(c) The difference between the Fermi energies of the face-centred and body-centred strSctures as a 
function qf the number of electrons per atom 

rig- *37 !■» t*! '] 
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occurs at an dectron concentration of approximately 1.48, for example 
48 atomic per cent of zinc in a copper-zinc alloy. 

OM: Oh, I see! So if the first peak on the JV(£) curve for the face- 
centred cubic structure is at an electron concenti’ation of 1.36, and 
that on the curve for the body-centred cubic structure is at an electron 
concentration of 1.48, there will be a range between these two values 
where the curve for the face-centred cubic structure is falling, whilst 
that for the body-centred cube is continuing to rise. And over this 
range, so far as the electronic energy is concerned, the body-centred 
cubic structure will become increasingly stable. 

YS: Exactly! And you will see that it is in this range that the 
brassM change from the a to the type. So in spite of our drastic 
simplification of the problem, we have produced a theory of the a//? 
brass equilibrium diagram, which predicts the approximate composi- 
tion at which the alloys change firom the face-centred to the body- 
centred cubic structure. For a conmlete theory we have to replace the 
assumption of spherical Fermi surfaces by something which is nearer 
to the truth, and also to include the effect of temperature, since the 
above very simple arguments naturally refer to the absolute zero 
where there is a sharp bounding surface between the occupied and 
unoccupied states. This more detailed work has been done by H. 
Jones, and Fig. 137 shows the JV(£) curves which he calculated for the 
two structures. These are to be interpreted just as in the above des- 
cription, and you will see that there is again a region where the 
curve for the body-centred cubic structure is continuing to rise, whilst 
that for the face-centred cube is falling, and it is in this region that the 
change from the a to the alloys occurs. Fig. 137(c) shows thediffercnce 
between the Fermi energies of electrons in the two structures. 

OM: That’s very striking, and is all right for the absolute zero, 
but now we want the effect of temperature — ^in particular, can the 
theory explain the curious effect which makes the solubility of zinc 
in copper diminish with rising temperature? 

YS: There, I am afraid, the theory has not yet been successful. 
The original paper^ of H. Jones included an approximate calculation 
for the effect of temperature on the a/(a -|- ^) and (a -f- phase 
boundaries, and this claimed to indicate Ae correct dependence on 
temperature. But later work by Zener® suggests that a mistake 
occurred in the original calculations, and that the calculated boundaries 
are not really in agreement with the facts. For the present, therefore, 
one can only say that the electron theory predicts the approximate 
composition at which the change from the a to the occurs — and after 
all that’s something to have done! 

OM: I notice that in the Cu-Ga diagram (Fig. 132) the a-solubility 

' The'original work of H. Jones is in the Proceedings of the Physical Society of 
London, 1937, 49, 349. 

® The paper by Zener is in the Pl^sKal Reeiew, 1947, 71, 846. 


299 



TEMPEftATUftE 


KL)lt:TRC)NSj ATOMSj METALS ANIl ALLOYS 

cuiYc has a quite clifFerent shape below the temperature of the /8- 
eutectoid point. I suppose that is due to the fact that below this 
temperature the a-phase is no longer in equilibrium with a body- 
centred cubic phase. 

YS: That’s quite correct. The Jones theory has only been applied 
to the equilibrium between body-centred and face-centred cubic 
phases. In principle the same kind of calculation could be applied 
to equilibrium between phases of any two given structures, but so far 
the mathematical difficulties have proved too great. 

OM : Then if I understand you rightly, what one may call the simple 
Jones theory of the aj/} brass equilibrium applies only when the size 
factors are favourable and the full tlieory must take the effect of lattice 
distortion into account. 


TIN. ATOMIC P6R CENT 



[Courtesy The Inslihife of MUah 

Fig. 138— Equilibrium diagram of the system copper-tin 
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Fig. 139 — ^Equilibrium diagram of the system copper-indium 
In the ajp region 

[CbHr/«.(p Tht Instituie of Metals 


YS : Yes, from the point of view of the electron theory, nothing has 
yet been calculated, but a little progress has been made empirically. 
The systems Cu-In and Gu-Sn are the two systems in which the ajfi 
brass kind of equilibrium is found for a solute element whose atomic 
diameter is on the borderline of the favourable zone. The equilibrium 
diagrams of these two systems are shown in Figs. 138 and 139. Exami- 
nation afFig. 139 (Cu-In) will show that the a/a + jS and a + fifP phase 
boundaries have been displaced to lower percentages of the solute 
element compared with the corresponding boundaries in the system 
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Gu-Ga (Fig. 132) where the size factors are favourable, whilst the 
(o + area is wider. Systematic examination has shown that when 
the equilibrium diagrams of the system Gu-Zn, Cu-Ga, Gu-Al, Gu-In 
and Gu-Sn, in which the ajfi kind of equilibrium occurs, are drawn 
in terms of electron concentration, the systems Gu-In and Gu-Sn are 
characterised by a wider (a fi) area, and a displacement of the 
a/a -t- P and a PIP boundaries in the direction of lower electron con- 
centration as compared with systems where the size factors are favour- 
able. Empirical relations have been traced between these effects and 
the lattice distortions in the o and P phases of the different systems 
but these relations have not yet been explained in terms of electron 
theory, and we shall therefore not deal with them. The important 
thing about Jones’ work is that it shows clearly that the idea of an 
electron concentration equilibrium, which was first advanced empiri- 
cally, finds a satisfactory explanation in terms ofBrillouin zone theories, 
so tiiat the electron concentration is one factor affecting the equUi- 
brivm between metallic phases. In other alloys the electron concen- 
tration factor may be completely outweighed by other factors and to 
understand these we must consider not only the size factors etc. of the 
primary solid solutions, but also the nature of the intermediate phases 
with which they are in equilibrium. 



36 — Intermediate Phases in Alloy Systems, I 

O LDER Metallurgist; It seems to me that if one reviews the 
equilibrium diagrams of alloys as a whole, the first great charac- 
teristic is that the compositions of the intermediate phases usually do 
not correspond with those to be expected from the normal valencies, 

I seem to remember early attempts to write the formulae of some of 
these compounds in such a way as to satisfy their normal valencies. 
Thus GuAl 2 might be written 

Gu\ /A1 

Al— A1 II 
Cu/ \A1 

so that copper and aluminium atoms have one and three bonds 
respectively. But somehow this kind of thing never struck me as being 
too convincing. 

Yotmo Scientist; You’re quite right, and it is now generally 
recognised that such an approach to the problem is usually wrong. 
You can begin to understand this if you bear in mind that most of the 
intermediate phases in aUoy systems are conductors of electricity, 
whereas the ordinary normal valency compounds of inorganic chemis- 
try are nearly always non-conductors. In the ordinary valency com- 
pounds, the valency electrons of the constituent atoms rearrange 
themselves so as to form stable groupings (usually octets) . The ordinary 
valency principles are the result of each atom having a definite number 
of valency electrons, since this naturally means that atoms have to 
unite in definite ratios if the stable group of electrons is to be built up. 
When the valency electrons build up a complete group the electrical 
conductivity disappears because an external electric field cannot 
produce a resultant flow of electrons in any one direction. Conse- 
quently if intermetallic compounds exhibit electrical conductivity, we 
shall in general expect their formulae to be different from those 
required by the normal valency principles. 

OM: The general idea is quite clear, but it seems to me that one 
would expect to find a gradual transition from the normal compounds 
of inorganic chemistry to purely metallic compounds. For example, 
in the elements of Groups V and VI, which arc shown below, the 
electronegative nature becomes less pronounced as one goes down the 
Periodic Table, whilst the general electronic structures in each Period 
are similar , except for the increase in the quantum number of the 
valency electrons. I should therefore expect antimony, tellurium, 
and bismuth to form normal valency compounds, even though they 
were not so stable as the corresponding compounds of phosphorus and 
sulphur, or of nitrogen and nxygen. 
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YS: What you say is perfectly correct, and the first generalisation 
which may be made about intermctallic compounds is that when we 
deal with alloys of metals with the weakly electronegative elements 
of Groups IV, V, and VI, we tend to find intermctallic compounds 
whose formulae agree with those to be expected from normal valency 
principles. This tendency is greater the more electropositive the metal 

N — O 

I I 

As — Se 

Sb — T^e 

I 

Bi 

with which the element of Group IV, V or VI is alloyed. We find, for 
example, compounds such as MgjSn, Mg3Sb2, and Mg Te in which the 
very electropositive magnesium is forming a normal valency compound 
with the more electronegative tin, antimony, or tellurium. 

OM: Then, in those compounds, are the atoms held together by 
electron-sharing as in the (8 — W) rule crystals of the elements 
(Chapter 34) ? 

YS: In some cases yes, but not in the particular ones referred to 
above. When one comes to deal with combinations of unlike atoms, 
one meets a new type of interatomic bond, the so-called ionic bond. 
In the case of sodium chloride, for example, each sodium atom has a 
loosely bound valency electron outside a stable octet. Each chlorine 
atom has seven valency electrons, and so needs one more electron to 
complete an octet, Chemical combination then occurs by the sodium 
atom giving up its valency electrons to the chlorine atom, so that 
each is left with an outer group of 8 electrons. Since the sodium 
atom gives up an electron it becomes a univalent Na+ ion with a 
charge of 4 -«, whilst the chlorine atom becomes a univalent Cl" ion 
with a charge of —e. The crystal structure of sodium chloride is 
shown in Fig. 140, from which you will see that all trace of diatomic 
molecules has vanished, and the crystal is built up of Na+ and Gl“ 
ions in regular array. This a typic^ ionic or polar crystal in which 
the structure is held together by the electrostatic attraction between 
oppositely charged ions, and this electrostatic attraction pulls the ions 
together until their electron clouds overlap to such an extent that the 
resulting repulsion balances the attraction. 

The same crystal structure is formed by magnesium oxide, MgO. 
Here each magnesium atom in the firee state has two valency elefctrons 
outside an octet, and each oxygen atom has six valency electrons, and 
so needs two more to build up an octet. Each tnagneHium atom then 
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Fig. 140— Crystal structure of sodium chloride 


gives its two valency electrons to an oxygen atom, so that divalent 
Mg++ and O— ions are formed, and these form the same kind of 
crystal structure as sodium chloride (Fig. 140), in which the whole 
structure is held together by the electrostatic attraction of oppositely 
charged ions. 

OM: That would suggest that the cohesion should be stronger in 
MgO than in NaCl, because there are divalent ions in the one, and 
univalent ions in the other. 

YS ; Exactly. That is why magnesia has a very much hier h er meltine 
point than sodium chloride. 

OM : From Fig. 140 it would seem that the sodium chloride structure 
can be formed only if there are equal numbers of the two Winds of 
ion. So one would expect compounds such as MgO, MgS, MgSe and 
MgTe to crystallise in this structure, but not compounds such as 
MggSbj and Mg2Sn. 

YS: That’s quite right. The sodium chloride structure can be 
formed only if the compound has a formula of the type AB. Actually 
there is a large number of sulphides, selenides, and tellurides which 
crystallise in the NaCl structure, and so if you regard the system 
magnesium-tellurium as a metallic system, you may regard the com- 
pound MgTe as an extension of the ordinary ionic or salt-like com- 
pounds into the region of the weakly electronegative elements such as 
tellurium. 

When one deals with ionic compounds with formulae of the type 
AB^, one of the commonest crystal structures is the GaFg type which 
is shown in Fig. 141. In this case the structure is built up of divalent 
Ga++ ions, and univalent F~ ions; each calcium atom has given up 
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Ttg. 141 — Crysta structure of calcium fluoride 


two valency electrons, and each fluorine atom has received one extra 
electron, and in this way the outer shell of each ion contains eight 
electrons. This kind of crystal structure is formed by the compounds 
MggSi, MgjGe, MggSn, and MgjPb, and these are said to be anti- 
isomorpkous with CaFg because the metallic Mg++ ions in MggSn occupy 
the places of the non-metallic F~ ions in OaF g. It is a general principle 
that this kind of compound becomes more stable as the difference in 
the electrochemical characteristics of the two metals becomes greater. 
In the series of compounds MggSi, MggGe, MggSn, and MggPb, the 
magnesium is the electropositive constituent and is constant through- 
out the series. The electronegative nature of the Group IV elements 
decreases as we go down the Periodic Table, so that silicon is the most, 
and lead the least electronegative of these elements. We therefore 
expect the stabilities of these compounds to be in the order 

MggSi >MggGe >MggSn >MgaPb 

In Fig. 143 I have reproduced the equilibrium diagrams of the 
systems Mg-Si, Mg-Sn and Mg-Pb, and you will see how the melting 
points diminish on passing from MggSi to MggPb. In the system 
Mg-Pb the liquidus curve of the compound is very flat and rounded, 
and this indicates extensive decomposition on melting. 

OM: The general sequence is quite clear, but it is surely not justi- 
fiable to argue that a high melting point means a stable compound. 
Water is a very stable compound of hydrogen and oxygen, but the 
melting point is quite low. 

YS: That depends entirely on the structure of the crystalr If the 
crystal contains definite compound molecules as in the case of water, 
HgO, or iodine, Ig (see Fig. 65, page 179), then the melting point 
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depends on the intermolecular forces, and is not a measure of the 
stability of the compound molecule. On the other hand, in salt-like 
or ionic crystals where there are no molecules, W simply a regular 
arrangement of oppositely charged ions, the melting point is an indica- 
tion of the stability of the compound, because the electrostatic attraction 
holding the crystal together is the force of chemical combination. The 
principle shown by Fig. 142 is a very general one, and can be seen 
in many alloy systems. For example, in the system magnesium- 
antimony, the magnesium is very electropositive compared with the 
antimony, and there is an extremely stable compound, MgaSb2, which 
melts above 1200° G. If we replace the magnesium by the less electro- 
positive zinc, there is still a normal valency compound ZngSba, 
this has a melting point of only 568° G, and has a very flat maximum 
to its liquidus curve— ^you will see the contrast between the systems in 
Fig. 143. If we now replace antimony by the less electronegative 
element tin, what we may call the electrochemical factor is no longer 
sufficient to produce a compound in the system zinc-tin, but in fiie 
system magnesium-tin, the magnraium is so much more electropositive 
than tin that as we have already seen in Fig. 142 the normal valency 
compound MggSn is formed. It is right to warn you, however, that the 
concept of these compounds as an extension of the normal ionic 
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Fig. X43 — Equilibrium diagram of the systems magnesium- 
antimony and zinc-antimony 


compounds is not the whole truth. For some purposes they are better 
regarded as examples of the electron compounds to which we shall 
refer later (Chapters 37 and 38). 

OM ; The weakly ionic kind of compound is easily understood, but it 
seems to me that there should be a corresponding series of compounds 
in which the atoms are held together by shared electrons in co-valent 
bonds. For example, the structure of die diamond is such that each 
atom has four close neighbours arranged tetrahedrally so that the atoms 
exert their normal valencies. There seems no reasoli why one should 
not have a compound CSi with the same structure. Further, if the 
characteristic is four electrons per atom, we might expect compounds 
such as GaAs to form the same structure, since although the gallium 
atom contains only three electrons, the atom of arsenic contains five, 
and so there would be an average of four. 

YS; Your general idea is quite correct, although in some cases one 
finds not the actual diamond structure, but some other structure in 
which the tetrahedral arrangement of the atoms exists. Fig. 
shows the zinc blende and wurtzite structures — tliese are two relativdy 
common structures in which the atoms have four neighbours arranged 
tetrahedrally. Now suppose we take the series of elements; 

Cu — Zn — Ga — Ge — ^As — Se — Br 
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Fig" 144 Crystal structures of zinc blende [left] and wurtzlte [right] 


then of these, germanium crystallises in the diamond type of structure 
so that each atom has four neighbours. As you have pointed out, a 
compound GaAs would have eight valency electrons to two atoms, 
and hence an average of four valency electrons per atom, and this 
compound crystallises in the zinc blende structure in which a tetra- 
hedral arrangement of neighbours is maintained. This principle can 
be extended further, because you will readily see that in the com- 
binations ; 

GaAs, ZnSe, CuBr 

the numbers of valency electrons are (3 + 5), (? + 6) and (i -h 7), 
respectively, and in the whole series we have thus eight electrons to 
two atoms, and an average of 4 ; i. Actually, all these compounds 
crystallise in the zinc blende structure, and you can see how beautifully 
the general principle works out. You will appreciate, therefore, that 
just as the typical salt-like or ionic compounds extend into alloys where 
the electro-diemical factor is high (for example, MgjSba, MggSi), so 
co-valency compounds may extend into alloy systems such as zinc- 
selenium. In the co-valency compounds you are to regard the electron 
clouds as being drawn out in the directions of the bonds in the same 
general way that we discussed in connection with the structure of 
(8 — JV) rule elements (Chapter 24). 

A further point which you should notice is that in a system where the 
electrochemical factor is high, even though a normal valency com- 
pound is not formed, the intermediate phases and even the primary 
solid solutions may involve forces which are of a partly ionic nature. 
Thus in the systems silver-magnesium and gold-magnesium, the 
magnesium is strongly electropositive compared with the gold or silver. 
In these cases there are no purely ionic compounds, but as we shall 
see later it is very probable that the intermediate phases involve 
forces which are more or less of an ionic nature — that is to say there is 
an interatomic attraction which is partly an electrostatic attraction 
between electropositively charged magnesium, and electronegatively 
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charged silver or gold atoms, although the process has not gone so 
far as to result in the formation of Mg++ or Au“ ions. 

In the oaTTii^ way there are some alloy phases in which interatomic 
forces of a partly co-valent nature may exist although the process has 
not gone far enough to result in the formation of definite co-valent 
bonds. It is, therefore, very necessary to realise that although the 
compounds described above are examples of almost purely ionic or 
purely co-valent compounds, there are many cases in which inter- 
metallic phases involve forces of a partly ionic or partly co-valent 
nature superimposed on some other Mnd of binding force. 

OM: You have spoken about ionic and co-valent compounds as 
though they were something quite distinct, but I should have thought 
one might quite well have something half-way between the two. By 
this I mean that the bonding electrons might be shared between the 
two atoms, whilst being much more associated with the one than with 
the other. 

YS: That is perfectly true. You will remember that in our des- 
cription of the Hj molecule (page 184), we saw how the exchange 
forces came into being as a result of the principle that if a system can 
exist in more than one configuration, the lowest energy is obtained 
not by one configuration alone, but by a condition which may be 
described by the superposition of the wave-functions which characterise 
the two configurations. In the previous description we really over- 
simplified the problem because we considered only the two systems: 

/Electron No. 1 associated with atom No. i\ 
lElcctron No. 3 associated with atom No. sJ 
and 

/Electron No. i associated with atom No. s\ 

/Electron No. 3 associated with atom No. 1/ 

We saw that these systems were quite indistinguishable, and that 
this favoured strong resonance. Apart from these two systems, there 
is a further alternative, namely, the existence of ionised molecules 

H^Hj or Uxm 

where the symbols H.4 and are used to distinguish the two hydrogen 
atoms. In these molecules the one hydrogen atom has given up its 
valency electron to the other, so that a complete (ij)® group is built 
up. Resonance then occurs between these structures, and the structures 
of the normal co-valent form. In this way a further lowering of energy 
takes place, and calculation shows that about 5 per cent of the bond 
energy of the Hj molecule results fix)m the ionic form. In other words, 
the actual hydrogen molecule involves not only the normal H— H 
co-valent modification, but also the ionised modification, in which 
one atom has given its electron to die other. In this case the co-valent 
form is very much more stable, and so the actual molecule has the 
properties of the co-valent rather than of the ionised form, sind the 
resonance with the ionised form has little effect. On the other hand. 
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in the case of a molecule of hydrofluoric acid, the stabilities of the 
ionised form 


H+F- 

and the co-valent form 

H-F 

are much more nearly equal. The conditions for resonance are thus 
favoured, and the resonance process results in a flrmer binding and a 
shorter interatomic distance. 

OM : Do you mean that resonance can occur between any two forms 
of a molecule? 


YS: Resonance can occur only if the two forms have the same 
number of unpaired electrons. You will see that this condition is 
satisfied in the above examples — ^in H— H and F— F there are no 
unpaired electrons because the two electrons in the co-valent bonds 
have paired off, whilst in H+ H- and H+ F" there are again no un- 
paired electrons, because the H+ ion has no electrons, whilst the H" 
and F“ ions have complete groups of two and eight electrons res- 
pectively. 

OM: This is all rather confusing — I see that you are getting at 
something intermediate between the two forms, but do you mean that 
I should regard an actual sample of hydrogen as consisting of 95 per 
cent H— H, and 5 per cent H+ H“ molecules, and hydrofluoric acid 
as consisting of more nearly equal proportions of H— F and H+ F“? 

YS: No. That’s quite wrong. It is not a question of two kinds 
of molecule existing in equilibrivun with one another. In a sense the 
effect is one which can really only be described in terms of wave- 
mechanics, but you may perhaps regard the resonance process as 
involving a rapid oscillation between the two structures — the fre- 
quency is of the order 10^® per second. If the one structure is much 
more stable than the other, the electronic configuration will. not differ 
greatly from that of the stable form — ^this is the case in the Hg molecule 
where the H— H form is predominant. As the resonance becomes 
more pronounced, the average electronic configuration will become 
different from that of either form, and the molecule may develop 
properties which are characteristic of the resonance process, and are 
different from those of the structures between which resonance is 
occurring. It is essential to realise that we are not dealing with an 
equilibrium between two kinds of molecule, but with a process which 
may give rise to a new electronic configuration. Many authors describe 
the resonance as equivalent to a rapid oscillation between two forms, 
but it is perhaps better not to attempt to look within the process, and 
to say rather that when there is a strong resonance, the electrons spend 
most of their time in a state which is that of neither the one structure 
nor of the other, but is characteristic of the resonance process. In this 
way wave-mechanics has led to a quite new idea, and has explained 
why ill some cases a substance seems to behave as though its molecules 
possessed several different formulae, none of which is by itself entirely 
satisfactory. A very interesting example of this kind is in connection 
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with the structure of benzene. As you will know, the formula of this 
is CgH,, and the six carbon atoms form a ring 

H 

C 

/\ 

HG CH 


HG GH 

\/ 

C 

H 

In this way it is easy to see how three out of the four valencies of 
each carbon atom are satisfied, but there was a great deal of dispute 
as to the disposal of the fourth valency. The formulae shown in 
Fig. 145 were suggested by Kekule and Dewar. 
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Each of these seemed to account for some of the properties of benzene, 
but none was completely satisfactory, and from the new view-point 
the actual structure results from resonance between the two Kekuld 
and three Dewar structures. Of these the Kekuld structure plays 
the most important part, but the resonance is considerable so that the 
substance benzene has properties which are not those of any one single 
structure, but are characteristic of the resonance process. 

OM : If I remember rightly there were other structures besides those 
suggested by Kekul6 and Dewar. 

YS: That is true, but it can be shown that some of those (for 
example, the Armstrong-Baeyer structure) are really equivalefit to a 
combination of the five shown above, so that we may consider only 
the resonance between these five. The resulting structure may be 
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described partly by saying that of the 30 valency electrons present 
in the molecule (four from, each carbon atom, and one from each 
hydiogen atom), 12 electrons are used to form the six co-valent bonds 
which bind the hydrogen atoms to the carbon atoms, whilst a further 
12 may be regarded as associated with the six single bonds within the 
ring. This leaves six electrons to be accounted for, and as a result 
of the resonance process these are associated with the benzene ring 
as a whole, and move freely in this ring. The number of electrons 
avmlable is not .sufficient to produce double bonds between each two 
adjacent carbon atoms, but the six electrons which are there are 
associated with the ring as a whole. You will see how interesting this 
is, because it clearly suggests a means by which the atoms can be 
held together when there are insufficient electrons to form co-valent 
bonds, and so suggests what might happen in a metallic crystal. It 
has, in fact, been suggested by Pauling that metallic bonding is a 
form of resonance bonding. For example, in the crystal of an nlVaH 
metal (body-centred cube) each atom has eight close neighbours, but 
only one valency electron. Pauling’s suggestion is that the resulting 
condition of affairs is equivalent to a resonance between all the 
structures which might be obtained by placing the electrons in one- 
electron or two-electron bonds between the different neighbourinff 
atoms. 

OM: That seems to be only a rather heavy way of saying that the 
electrons are shared throughout the crystal. 

YS : To some extent that is true, but Pauling’s views are supported 
by the fact that the interatomic distances in metallic crystals are of 
the same order as those in coiMounds of the same elements involving 
resonating co-valent bonds. This is something which could not have 
been predicted from a mere concept of shared electrons. It also 
enables us to understand the difference between the elements of the 
First Two Short Periods and of the B Sub-groups, and the elements 
of the Transition series. In the elements of the Short Periods and 
of the B Sub-groups there are only four orbitals available for bond 
formation and resonance, and so we can understand why (8 — JV) rule 
type structures begin at Group IV (G, Si, Ge, grey Sn) . In the transition 
elements the d-orbitals arc also available, and so the possibilities are 
far greater, and the metallic bonding continues beyond Group IV. 

Suggestions for further reading. 

For general work on the crystal structure of alloys reference may be made to 
The Struclare of Metals by C. S. Barrett, McGraw Hill. X-Rt^ Metallography by 
A. Taylor, Chapman and Hall, also gives much information. 



37 — Intermediate Phases in Alloy Systems, II 
Electron Compounds 

O LDER Metallurgist ; The compounds which you were describing 
last time were all such that one constituent was of a relatively 
electronegative nature. It would seem that totally different principles 
must hold when both constituents are normal metals. There is one 
point which has always given me a great deal of difficulty, and that 
is whether every intermediate phase in an alloy system is to be looked 
on as a definite chemical compound. For example, in the system 
copper-zinc (Fig. 146) we have the ;6, y and e phases. These are all 
of variable composition, and in a sense this is contradictory to the 
usual definition of a chemical compound. Every schoolboy is taught 
that fixity of composition is what distinguishes a chemical compound 
from a mixture, but I seem to remember' being told that jS-brass could 
be looked upon as a compound GuZn, which was able to take up a 
certain amount of copper or zinc into solid solution. 

Young Scientist: There used to be a great deal of argument about 
that point, but now that we know so much more about the nature of 
inter atomic bonding, I think it is rather a waste of time. The schoolboy 
has to be taught simple things first, and we may as well admit frankly 
that the ordinary school book distinction between chemical compounds 
and physical mixtures fails to consider the possibility of a compound 
dissolving an excess of one of its constituents — it also ignores the 
possibility of a certain proportion of one kind of atom dropping out 
of a crystal lattice, and so leaving “ holes ” or “ vacant sites,” with 
a resulting variation of composition. Actually a large number of well- 
accepted chemical compounds, such as certain oxides, show a slight 
but quite definite variation in composition, and the name “ defect 
structure ” is sometimes used to describe crystals with vacant lattice 
sites. 

OM: It seems to me that the distinction between chemical com- 
bination and mere physical mixture must still be a very real one. 

YS: Oh, certainly yes. The essential point is that you have got 
to define your terms more precisely, and to consider the nature of the 
atomic binding process. When, for example, carbon combines with 
hydrogen to form methane, the process results in the formation of 
definite molecules of GH^, in which the hydrogen atoms are bound to 
the carbon atom by simple co-valent bonds, analogous to those which 
we described in Chapter 24. If we now consider a crystal of carbon 
in the form of diamond — or one of silicon, germanium or grey tin 
which crystallize in the same structure— the atoms in the crystal are 
held together by co-valent bonds (Chapter 24), so that the interatomic 
forces in the crystal are of the same nature as those in the molecule 
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Fig, i46~-£quilibrium diagram of the system copper-zinc 

of GH4. You may regard the whole crystal of diamond as an immense 
molecule, or giant molecule — the German term is RiescnmolekUl. 
Now suppose we had a solid solution of silicon in germanium — the 
interatomic forces would be of the same general nature (co-valent 
bonding), and it would be purely a matter of definition whether we 
called each crystal of the solid solution a giant molecule in which the 
atoms were held together by chemical combination, or regarded it as 
a mixture of silicon and germanium atoms on a common lattice. But 
if we adopted the latter point of view, the “ mixture ” would clearly 
be quite different from a mechanical mixture of individual particles 
of germanium and silicon. 

OM: That’s quite clear, but again , you are dealing with electro- 
negative elements, whereas I am concerned mainly with metals in 
which fhere are no co-valent bonds, 

YS : If you consider what we have discussed before, I think you 
will agree that we cannot draw any hard and sharp line. In a crystal 
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of the diamond type the atoms are held together by shared electrons — 
the electron sharing is of the co-valent type in which the electron 
cloud is most dense in the direction of the bonds. In the crystal of a 
metal the atoms are again held together by shared electrons, and 
although the electron cloud is not concentrated in the direction of the 
bonds, it is quite legitimate to regard each metallic crystal as a molecule 
in which the atoms are held together by electrons giving rise to metallic 
linkages. 

OM : In that case you will have to regard a primary solid solution 
of one metal in another as a compound, which is absurd. 

YS ; No, I don’t think you should say it is absurd. It is just a question 
of how you define your terms. In a crystal of copper the atoms are 
held together by the shared electrons. If you regard this kind of 
electron-sharing as chemical combination, then a crystal of copper 
is a chemical compound of copper atoms with one another, and a 
solid solution of zinc in copper involves forces of essentially the same 
type. If you prefer not to regard the ordinary metallic linkage as 
chemical combination, you may reserve the latter term for specific 
electronic processes such as co-valent bonding, or ionic bonding. 
The disadvantage of this policy is that in some compounds we may 
have a condition of affairs which is intermediate between the two 
extremes — also, of course, it assumes a very considerable knowledge of 
the electron distribution in a crystal, and this is usually unknown. 

OM: Perhaps one might get a clearer distinction if one restricted 
the term intermetallic compound to combinations in which a definite 
compound molecule was formed. In this case one would call ;S-brass 
an intermetallic compound if there were a CuZn molecule, but not 
otherwise. 

YS: That policy suffers from several disadvantages. It is often 
difficult to obtain evidence for the existence of a definite molecule, 
particularly if the latter decomposes, or is accompanied by other 
molecules. Most of the methods for identifying molecules involve a 
study of the liquid or gaseous state, and with alloys the temperatures 
are so high that extensive decomposition may occur — you must also 
remember the experimental difficulties. 

OM: I’ve read some attempts to restrict the term intermetallic 
compound to phases of fixed composition, but as far as I can see this 
is impracticable, because there seems to be a continuous series ranging 
from phases like jd-brass which are of widely varying composition, to 
phases Uke MgjSbg which are usually described as being of fixed 
composition. 

YS: That’s quite right. On the whole I think it is better not to 
use the term intermetallic compotmd, but to remember that the 
electron-sharing processes which take place in normal metals, or in 
crystals such as the diamond, are all examples of chemical cojnbina- 
tion in some sense of the term. 

OM : If you do adopt that policy it would seem that there may well 
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be intermediate phases in alloy systems in which, although the crystal 
structure is different from that of the parent metal, the interatomic 
forces are still essentially those of a metallic nature, and involve no 
more “ intermetallic combination ” than is present in the primary solid 
solution. 

YS: That’s perfectly true, and j8-brass is in fact an example of that 
kind. As we have already seen in the system copper-zinc (Fig. 146) 
the /8-phase lies roughly in the equiatomic region, and at the higher 
temperature it has a random body-centred cubic structure. Here the 
crystal structure is different from that of either copper (face-centred 
cube) or zinc (close-packed hexagonal), but it is now generally accepted 
that the interatomic forces are of a purely metallic nature, and that 
there is no more “ chemical combination ” in /8-brass than there is in 
the a-solid solution of zinc in copper. 

OM; The copper-zinc diagram with a /8 (body-centred cubic) phase 
following on an a-solid solution (fece-centred cubic) seems to be a 
ve^ general type. The copper-aluminium (Fig. 147) and copper-tin 
(Fig. 135) equilibrium diagrams show the same general characteristic, 
and from what you said before about the ajfi brass equilibrium, I 
should imagine this means the /8-phases are in some way related to 
the electron concentration. I can see from Figures 146, 14.7 and 138 
that just as the a-solid solubility curves move to lower atomic per- 
centages of the solute as the valency of the latter increases, so the 
compositions of the /8-phascs move in the same direction. 

YS : That’s quite right, and it was in fact by the study of those 
particular phases that one of the factors controlling the structure of 
alloys was discovered. In the system copper-zinc the /8-phase lies in 
the equiatomic region, and its composition may be represented 
roughly by the formula GnZn, although this does not imply that any 
definite molecular species exists. In the system copper-aluminium, 
the corresponding /8-phase with a body-centred cubic structure is stable 
only at high temperatures, and its composition lies roughly in the 
region Gua.( 4 Z, whilst in the system copper-tin the /8-phase lies in the 
region GujiSn. You will now see that if we give the elements copper 
zinc, aluminium, and tin their usual valencies of i, 2, 3, and 4 res- 
pectively, these three formulae GuZn, GugAl, and Gugfin all correspond 
with a ratio of 3 valency electrons to 2 atoms, that is to an electron 
concentration of 3/2 = 1.5. This was first pointed out in 1926 by 
Hume-Rothery, when it was also shown that the equilibrium diagrams 
of other copper and silver alloys had the same characteristics, although 
only a few of the crystal structures were then known. The idea that 
the crystal structure of a phase might sometimes be determined by 
the ratio of valency electrons to atoms was then taken up enthusiasti- 
cally by Westgren, Bradley and others, and the rapid development of 
X-ray crystal structure work showed that in a large number of alloys 
of coppor, silver, and gold with elements of higher valency, phases of 
the same crystal structure tended to occur at the same ratio of valency 
electrons to atoms. 
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Fig. 147 — Equilibrium diagram o£ tbe system coppeouluminium 


The following main groups were recognised : — 

Electron: Atom Crystal Structure of 

Ratio Phase 

3/3 Body-centred cube 

/fl-manganese type 
Close-pacied hexagonal 
ai/13 y-brass type 

7/4 Close-packed hexagonal 

You will see that the electron concentration 3/2 gives rise to more 
than one type of structure. In the system copper-zinc, for example, 
there is only a body-centred cubic phase — ordered at low temperatures 
and disordered at high temperatures — at the composition GnZn. In * 
the system copper-gallium an electron concentration of 3/2 corresponds 
with the formula GugGa because gallium is trivalent. Here, as you 
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Hg. 148 — ^Part of the equilibrium diagram of the system 
silver-aluminium 


TTie a-phase is thefaci-eenlred cubic solid solution qf aluminium in sillier. The p and ^-phases 
have body-centred cubic and close-packed hexagonal structures respeclioely, whilst the /i-phast 
• has a P-manganese structure 
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Fig, 149 — Crystal structure of the y-phase in the system 
copper-zinc 


will see from Fig. 130, there is a random body-centred cubic phase 
at high temperatures, and close-packed hexagonal phases at low 
temperatures. In the system silver-aluminium (Fig. 148) which is 
of the same general type, there is a body-centred cubic phase at high 
temperatures, and a phase with the yfl-manganese structure at low 
temperatures, whilst at intermediate temperatures the close-packed 
hexagonal phase which exists over a wide range of composition extends 
up to the composition AgsAl. 

OM; The ratio 21/13 for the y-phases seems a very curious one. 

YS: The ratio 21/13 was deduced by the X-ray crystallographers, 
who showed that in the system copper-zinc the y-phase could be 
regarded as based on the composition GugZng (Fig. 149), whilst in the 
system copper-aluminium the phase with the same structure includes 
the composition GubA 14 — ^you should note that this phase is usually 
called 8 in the diagram. Both these compositions cor respondr with a 
ratio of 21 valency electrons to 13 atoms, and the corresponding phase 
in the system copper-tin has a composition GugiSng which gives 63 
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valency electrons to 39 atoms, and so again a ratio of ai : 13. In the 
systems copper-zinc and copper-aluminium the phases with the y-brass 
structure are of variable composition, and tend to lie more on the side 
of higher electron-concentration than the characteristic ratio 21/13, 
but the general tendency for the y-phase to occur at this electron 
concentration is clear. 

It was also^ shown by Bradley and Gregory that in the ternary system 
copper-aluminium-zinc, ternary alloys with the y structure could be 
obtained provided that the atoms were in such proportions that the 
characteristic ratio of qi valency electrons to 13 atoms was retained. 
In other words, with these particular elements one could jumble the 
different kinds of atom together, and obtain a phase with the same 
structure provided that the characteristic ratio of valency electrons to 
atoms was maintained. 

All Ais suggested that in some cases the structure of an intermediate 
phase in an alloy system depended not on the nature of the individual 
atoms, but simply on the relative number of valency electrons and 
atoms. Intermetallic phases of this kind may conveniently be called 
electron compounds. 
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O LDER Metallurgist: You explulned last time that in some copper 
and silver alhjys tvitli elements of higher valency, phases with 
particular structures tended to occur at definite ratios of valency 
electrons to atoms. This .sugge.st.s clearly that the electron concen- 
tration is what determines the slahility of the phases in question, and 
in view of wliat you said before (Cluipter 35) about tire a //3 brass 
equilibrium, I should expect there to be a close connection between 
the cliaracteristic electron/atom ratio and the JV(i 2 ) curve for the 
crystal structure concerned. You have explained (page 136) that a 
high jV(£) curve means that a given numirer of electrons is accom- 
modated with a relatively low energy. If tliereforc the electronic 
energies are determining the stabilitie-s of the phases, one would expect 
that when the N{E) curve could be calculated for a given structure, the 
characteristic electron/atnm ratio would include the electron states up 
to a high peak on the N{E) curve, and would avoid deep troughs or 
valleys. 

Young Scientist: That is perfectly correct and is, in fact, more 
or less what was claimed by H, Jones ui his development of the theory. 
Let us deal first with the body-centred cubic stniclurc. You will 
remember that the first Brillouin zone for llic body-centred cubic 
structure is a rhombic dodecahedron, whose faces include the wave 
numbers which satisfy the condition for reflection from the (no) planes 
of the lattice. You will also remember that our simplified calculation 
(Chapter 35, page 297) showed that the first peak on the K{E) curve 
of the body-centred cubic structure occurred at an electron/atom 
ratio of 1.48, which is very near to the empirical value 3/2 = 1.5 for 
the jfl-phases we discussed last time. The more complete calculations 
of Jones lead to the same conclusion, and so the electron theory gives 
a satisfactory explanation of why the /?-pbases occur at an electron 
concentration of 3/2. 

OM: That doesn’t seem quite correct, The peak on the curve 
is at an electron concentration of 1.48, and beyond this point the 
JV(£) curve falls. Consequently, your previous argument would lead 
us to expect that the jfl-phase would become unstable beyond this 
point, that is, beyond 48 atomic per cent of zinc, whereas actually 
the ^-phase in Fig. 146 extends considerably beyond the equiatomic 
composition. 

YS : Your gmeral idea is right, but you must remember that tlie 
calculation which led to the value 1,48 was of a very approximate 
nature. The simplifying assumptions introduced are such that an 
agreement to witmn a few atomic per cent is all that can be hoped 
lOT. In the second place, the fact mat the JV(jE) curve begins to fall 
after an electron concentration of 1.48, only enables us to say that 

32a 



MORE AROtJT ELECTRON COMPOUNDS 



we may expect a tendency for the body-centred cubic phase to become 
unstable compared with some other structure whose JV(£) curve con- 
tinues to rise. The details will depend on the .ATfiJ) curve of the 
second phase, and we shall not expect the body-centred cubic phase 
to become unstable immediately the electron concentration of 1.48 is 
exceeded. 

OM:^ If that is so, it seems to me that one can draw a general 
conclusion. Let us suppose that Fig. 150 shows the JV(£) curve for a 
particular structure, and that there is a peak at A, whilst the zone 
ends at B. Then it would seem that the more rapid the fall from 
A to B, the sooner the phase will tend to become unstable when the 
electron concentration exceeds A. 

YS: That’s quite right, and it is perhaps another reason for the 
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fact that the body-centred cubic ;ff-phases oiten extend to an electron 
concentration greater than 1.48. As we have already seen (Chapter 
33, page 174) the first zone of the body-centred cubic structure contains 
two electron states per atom, and so an electron concentration of 
1 .48 means that the zone is about 3/4 full, and the portion of the zone 
after the peak is about one quarter of the whole zone, that is, the fall 
from A-B in Fig. 150 is not very steep. It is interesting to compare 
the condition of affairs in the first zone of the /8-manganese structure 
which is shown in Fig. 151. The numerous faces on this zone mean 
that it is much more nearly spherical than the rhombic dodecahedral 
zone for the body-centred cube. If we make the simplifying assump- 
tion of spherical energy contours, a calculation similar to that on page 
296 shows that the first peak on die N{E) curve for the yS-Mn structure 
occurs at an electron concentration of 1.41, whereas the completely 
filled zone corresponds with the electron concentration of 1.62. When 
compared with the values 1.48 and 2.0 for the body-centred cube, it 
is clear that the fall from A Xo B (Fig. 150) is much more rapid for 
the /8-Mn structure, and it is perhaps significant that the compositions 
of the /8-Mn phases do not greatly exceed the electron concentration 
of 1.5. 

OM: That is interesting and I understand the principle as you have 
described it, but I am in a muddle about the y-phases, because I have 
seen it stated that Jones’ theory of the y-phases requires full zone 
structures to be stable, and this seems improbable because when the 
zone is filled the JV(J 3 ) curve has sunk to zero, and one would expect 
the phase to be unstable. 
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YS ■ That difficulty oilcn uriscsj And is the result of the fhet thsit the 
zone for the y-structure, like that for the /8-Mn. structure, is one with 

numerous symmetrical faces which make it very nearly spherical 

see Fig, 152, This means that the electron concentration corresponding 
with the peak A is only slightly less than that for the completely filled 
zone (point B in Fig. 150). The correct statement of Jones’ theory is 
that a phase tends to be stable at the electron concentration corres- 
ponding to the peak A^ and this is the way you should always think 
of the theory. In the case of the y-phases it just happens that the 
electron concentration of the point A is not very different from that 
of the completely filled zone, and that was why some people concluded 
that a full zone was stable. 

OM: Then, do the zone theories account for all the intermediate 
phases in the copper and silver alloys? 

YS : The zone theories enable one to understand why body-centi’ed 
cubic and J 3 -Mn structures occur at an electron concentration of i .5 
and y-phase and close-packed hexagonal structures at electron con- 
centrations of ai/13 and 7/4 respectively. They have, however, failed 
completely to account for the existence of close-packed hexagonal 
structures at an electron concentration of 1.5, and this must be the 
result of some entirely different principle. 

OM: The examples you have described have all been alloys of 
univalent copper or silver with elements of higher valency, and the 
electron concentration of the phases lie between i and 2. It would 
seem possible therefore that if we started with a divalent or trivalent 
element, and alloyed it with some element which tended to absorb 
electrons we might arrange things so that an electron concentration of, 
say, 21/13 resulted. 

YS: That’s quite correct. If you take an element such as zinc, 
and alloy it with a very electro-negative element like selenium, you 
obtain a stable salt-like compound ZnSe — this is because the atoms 
of selenium have such an affinity for electrons that they absorb both 
the valency electrons of each zinc atom to form Se — ions with com- 
plete octets. But if you alloy zinc with some of the transition elements 
such as iron, you do sometimes obtain electron compounds analogous 
to those of the copper and silver alloys. There is for example an 
iron-zinc y-phase of composition Fe^Zn^i, and you will see that this 
has the characteristic ratio of valency electrons to atoms if the iron 
is assumed to have a zero valency — there are then q 6 atoms to 42 
valency electrons. 

OM: That’s not quite what I was suggesting because a zero valency 
would imply that the iron atoms neither absorbed nor contributed 
electrons. 

YS: I don’t think that follows. It is probably more correct to 
say tha«t the iron atoms both contribute and absorb electrons. Some 
of the 4J valency electrons of the iron atoms are contributed to the 
structure, but the fact that the iron atoms have incomplete 3d shells 
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mpans that they tend to take up electrons from the relatively electro- 
positive zinc. The two processes more or less cancel each other out 
so that the iron behaves as though it had a zero valency. Several of 
the transition elements behave like this, and y-structures such as 
FejZngi and NijZugi were discovered by Ekman. 

OM: The general character of electron compounds is clear, but 
you have not made it clear whether they are quite distinct from other 
classes of compound, or whether the various classes merge into one 
another. 

YS: When we deal with systems such as copper-zinc, the size 
factors are favourable, and the electro-chemical factor is small. Under 
these conditions the electron concentration effect is clearly predomi- 
nant, but if we take systems in which the electrochemical factor is 
larger, we can often see how this factor begins to affect the process. 
For example, if we compare the systems silver-magnesium and gold- 
magnesium with the system copper-zinc, we see that silver and gold 
are more electro-negative tlian copper, whilst magnesium is more 
electro-positive than zinc. The electrochemical factor is thus con- 
siderably greater in the systems Ag-Mg and Au-Mg. In both systems 
there are jS-phases with a body-centred cubic structure, but these now 
have an ordered structure of the caesium chloride type (Fig. 153), 
and, further, their liquidus and solidus curves rise to maxima at the 
equiatomic composition, as you will see from Fig. 154, which gives 
the A^-Mg diagram. In these two cases, therefore, increasing electro- 
chemuial factor has clearly modified what we may call the typical 
Cu-Zn diagram, and has produced a /S-phase with some of the character- 
istics (maximum freezing point and ordered structure) usually associ- 
ated with “ ordinary compounds.” 

OM: If that is so, it would seem that there may well be a continuous 
transition from pure electron compounds on the one hand, to ionic 
compounds on the other. 

_YS: Oh, certainly! The j6-phases of the Ag-Mg diagram are clearly 
a kind of half-way house between an electron compound and a salt- 
like compound. The electrochemical difference is not sufficiently 
great to produce definite Mg++ and Ag“ ions, but it is highly probable 
that in the solid Ag-Mg phase the silver and magnesium atoms have 
acquired negative and positive charges to some extent. The same 
process can sometimes be seen to a larger degree in other systems. In 
Figs. 155 and 156, for example, I have contrasted the silver-rich 
portions of the equilibrium diagrams of the systems silver-zinc and 
silver-cadmium. Zinc is more electro-positive than cadmium, and so 
the electrochemical factor is much more pronounced for the system 
silver-zinc, and you wiU see that in this system the change in direction of 
the liquidus curve at the temperature of the a.-f- liq /3 peritectic is 
much greater than in the system silver-cadmium. In the system silver- 
zinc the electrochemical factor is not sufficiently great to pr6duce a 
maximum in the liquidus curve for the /?-phase such as is found in 
the system silver-magnesium, but the effect in the system silver-zinc 
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Fig. 153 — Crystal struc- 
ture of '-phases In the 
systems gold-magne- 
sium and silver-mag- 
nesium 



[CoHTliiy The Imtihitt of Metah 


Fig. *54 — The equilihrium diagram of the system silve^magnesium. 
Recent work has shown that at low temperatures superlatdce structures 
exist in the a-solid solution at compositions in the region of AgjMg. This is 
in agreement with the high electrochemical factor. 


is clearly a kind of half-way stage between that of a higlt (AgMg) 
and a low (AgCd) electrochemical factor. The same effect is seen 
on comparing the equilibrium diagrams of the systems silver-alumi- 
nium and silver-indium, where the former has the higher electro- 
chemical factor. 

OM ; If that is so, there seems no reason why we should not obtain 
the same kind of effect in primary solid solutions if the two metals 
differ considerably in electro-chemical properties. You have said 
(page 317) that a typical jS-phase may involve no more cheimcal 
combination ” than is found in the primary a-solid solution. 00 it 
the d-i3hases show an increasing effect of the electrochemical factor 
in the order Ag Gd > Ag Zn > Ag Mg, the same tendency should be 
found in the a-solid solutions. 
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YS: That is quite true, and I think it is very probable that the 
primary solid solution of magnesium in silver does involve forces of 
a partly ionic or electrochemical nature. So far this effect has been 
rather ignored by the theoretical physicists, although considered em- 
pirically the effect of increasing electrochemical factor on the form of 
the equilibrium diagrams is very clear for the /S-phases of the systems 
Ag-Cd, Ag-Zn, and Ag-Mg. It is interesting to note that recent work 
has shown that in the system Ag-Mg, where the electrochemical factor 
is high, the a-solid solution takes up an ordered structure at low tem- 
peratures in a composition range including Ag^Mg. This ordered 
structure is of the CugAu type which we shall describe later — it is a 
structure in which the magnesium atoms keep as far away from one 
another as they can. This, of com-se, can readily be understood if the 
two kinds of atom are acquiring opposite charges, since we shall then 
expect like charges to repel one another. 

OM : If there is to be a continuous transition from what one may call 




Fig. 155 — Silver-rich portions of the equilibrium diagrams of the systems 
silver-zinc and silver-aluminium 
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Fig* X56 — Silver-rich portions of the equilibrium diagrams of the systems 
silver-cadmium and silver-indium 
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pure electron compounds to compounds of an ionic nature, is it not 
possible that some of what you have called normal valency compounds 
may also be looked upon as electron compounds? 

YS: Sometimes that is so. You will remember that (page 306) we 
regarded compounds like MgjSn as being of an ionic nature, anti- 
isomorphous with GaFj. It can be shown that this structure gives rise 
to a Brillouin zone with 8/3 electron states per atom, and this is the 
exact electron concentration of Mg^Sn, if Tna g nesiiim and tin are 
divalent and tetravalent, respectively. The electrical properties suggest 
that at low temperatures MgaSn is an impurity semi-conductor, and 
at higher temperatures an intrinsic semi-conductor. In such a c ase 
it is legitimate to regard both the zone picture and the normal valency 
concept as expressing part of the truth. 

OM : This is most suggestive, because AlgCa has the same structure, 
and this can’t be a normal valency compound, but it has an electron 
atom ratio of 8/3, if calcium and aluminium are divalent and trivalent 
respectively. 

YS : That’s right. There is also a phase AuAlj with the same struc- 
ture, but this is more difficult to understand, because the normal 
chemical valencies of gold are one and three, and an ad hoc assumption 
of divalent gold is not very convincing. 

OM : From what you say, it would seem that there might be ternary 
phases of this type as well. 

YS: There is, in fact, a phase GuBiMg which has the same struc- 
ture, but you will see that this can be looked on from either point of 
view. The valencies of one, two, and five for copper, magnesium and 
bismuth give an electron/atom ratio of 8/3, whilst one can also imagine 
positively charged copper and magnesium, and negatively charged 
bismuth. 

OM: If there is no sharp distinction between electron compounds 
and ionic compounds, one would expect a similar transition from 
electron compounds to co-valcnt compounds. 

YS : That is true, and it is probable that some intermetallic phases 
exist in which the forces are partly of a co-valent nature. In the 
early development of the science of alloys it was suggested by J. D. 
Bernal that, in the y-phases which are of variable composition, there 
was a general tendency for the solid solution to extend farther on the 
side of high electron concentration than on that of low electron con- 
centration. It was suggested that this might be because, with co-valent 
bonds, it would be more serious to have too few electrons than to have 
too many. A more recent examination’- shows that the y-phases as a 
whole do not show this characteristic, but the general idea that in some 
alloys a deficiency in electrons is more serious than a surplus may well 
be right. 

OM: These electronic effects are very fascinating, and I think I 

^Src references aL the end of this chapter. 
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understand the general principle that, when other factora are favour- 
able, the crystal takes up the structure which accommodates the 
electrons with the lowest energy. But if one considers the variation of- 
composition of a phase with an X(E) cm-ve such as that of Fig. 150, 
is it not possible that on increasing the electron concentration beyond 
that of the point yl, the structure might undergo some slight modifica- 
tion so that, without a real change of phase, the .V(/?) curve remained 
high, and so made the phase stable? 

YS: In general that does not seem to happen, but in some alloys 
most curious effects are found iii which, on increasing the percentage 
of one metal, a limit is reached beyond which further change m 
composition is achieved, not by atomic substitution, but by one kind 
of atom dropping out of the structure so that a defect lattice is formed. 
In the nickel-aluminium alloys, for example, there is a body-centred 
cubic ;8-phase Ni Al, with the characteristic clcctron/atom ratio of 3/a 
— assu m ing nickel to be zero-valent. This phase is of variable composi- 
tion, and on increasing the aluminium content beyond 50 atomic per 
cent, atoms drop out of the structure in such a way as to maintain a 
constant number, namely three electrons per unit cell. You will see that, 
as long as the body-centred cubic structure has all its lattice points 
occupied, this is equivalent to an clectron/atom ratio of 3/2, but when 
vacant lattice sites occur the elcctron/atom ratio may increase whilst 
the number of electrons per unit cell remains constant. 

The same kind of effect is found in the y-phases of the system copper- 
gallium — ^In Fig. 129 you will see that tlicre are three modifications of 
the y-phase, denoted yj, y^, and and in the last two of these, 
increasing percentage of gallium results in a dropping out of atoms so' 
that a constant number of electrons per unit cell is maintained. A 
similar effect is found in the phases of the copper-aluminium system 
with the general y-brass type of structure. 

OM: That suggests that the number of electrons per unit cell is 
more fundamental than the number per atom. 

YS: Certainly, The N{E) curves depend on the Brillouin zones, 
and these, as we saw in Chapter 35, are determined by the crystal 
structure, and so depend on the unit cell. When all the lattice points 
are occupied, the number of electrons per unit cell is a simple multiple 
of the number per atom, but when there are vacant .sites this simple 
proportionality no longer holds, and the number per unit cell is the 
fundamental quantity. The empirical discovery of the electron con- 
centration principle was possible only because most structures contain 
relatively few lattice defects. In these curious structures where defects 
are formed, you may say that increasing the number of electrons per 
unit cell would produce such a great increase in energy that the lattice 
prefers to drop atoms in order to avoid the increase in energy. 

OM : That is very striking, but I suppose it applies mainly when the 
size-factors are favourable. What I should like to know now" is how 
electron compounds are affected by size-factor. You have explained 
before (page 302) how the a/a -f- p phase boundaries in the systems 
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copper-tin and copper-indium are displaced on account of the rela- 
tivdy large atomic diameters of tin and indium, and one would expect 
that wh^ one dealt with complicated crystal structures, the effects of 
atomic diameter might affect the way in which the atoms fitted to- 
gether. 


perfectly coirect, and the effect was shown by the very 
beautiful work of A J Bradley on the crystal structure of the y-phases 
CuBZng and GuBCdg. In the system copper-cadmium the size factor 
IS unfavourable, although only just so. There is a very restricted 
primary solid solution of cadmium in copper, and no body-centred 
cubic ^-phase exists, but there is a y-phase GugCdg. This phase has 
a structure which is of the same general type as that of GueZn., but as 
shown m Fig. 157, the_ detailed atomic arrangements are different 
and can readily be explained by the relatively large size of the cadmium 
atom. You can understand how from this effect there can be a regular 
transition until one reaches phases whose structures are determined 
primarily by the relative sizes of the atoms, and we shall consider 
some of these later (Ghapter 39). 


OM : If I have understood you rightly, each general type of electrpn 
compound has got its characteristic electron concentration, but ^e 
details may be affected by both the size factor and the electro-chemical 
factor of the different systems. The problem must be extremely com- 
plicated, and I don’t see how you can get much farther. 


YS: From the point of view of pure theory you are correct, but 
systematic empirical exarhination of the equilibrium diagrams of the 
different systems has revealed some of the principles very clearly. 
You will readily understand that if progress is to be made, the first 
requirernent is to redraw the equilibrium diagrams of tlie different 
systems in terms of electron concentration. Now we have already 
seen that at the electron concentration of 3/2, there is a tendency to 
form body-centred cubic (ordered or disordered), ;S-manganese, or 
close-packed hexagonal structures — ^sometimes the last named is found 
in a partly ordered form. For convenience we may use the symbols 
P and P' for the body-centred cube, n for the ;8-manganese, and 
5 and for the close-packed hexagonal structures, a dash denoting 
an ordered structure. In Fig. 158 I have shown the extent of these 
phases in all the systems for which data were available in 1940, and 
the systems are arranged so that those for which the size factor is 
favourable are in the centre, and the size factor becomes increasingly 
unfavourable as one moves outwards. Systems to the right are those 
for which the size factor is positive (that is the solute atom is larger 
than that of the solvent), and those to the left are those for which the 
size factor is negative (that is the solute has the smaller atom). It 
should be emphasized that the systems are only arranged in a rough 
order of size factors, there is no attempt to give an accurate scale of 
size fattor — the whole concept of size factor is too approximate to 
justify attempts at drawing a scale. 

This diagram therefore shows in a general way the effect of size 
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Fig. 158 


factor on electron concentration. In comparing the three series of alloys 
you must remember that gold is the most, and copper the least electro- 
negative of the three elements copper, silver, gold. It follows therefore 
that in alloys with electro-positive elements such as zinc or magnesium, 
the electrochemical factor increases in the order 

Cu<Ag<Au 

With electro-negative elements, the electrochemical factor will be m 
the reverse order. In proceeding along a series of elements such as 
Zn->Ga-^Ge->-As->-Se 

the elements of Groups V and VI are weakly electro-negative. It 
follows therefore that in their alloys with zinc, the metals copper, 
silver and gold are the electro-negative components of the system, 
whereas in alloys with selenium they are the electro-positive com- 
ponents There is thus a point somewhere in the region of Group IV 
and V where tlie electrochemical fector is very small. 

OM: Examination of that diagram suggests that on increasing the 
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OM : One thing seems to be very clear in TTiir „ it 
ordered body-centeed cubic phases are favou’refby high dectm" 
chemical factor and to a lesser extent by high size fartnr 
bey«, the and djtorf^d 

and I should hke to consider thfe next, but perhaps you wSd S 
explain to what extent the conclusions of Piff T=ae.L wouia just 

elusions affecting all alloys. general con- 

YS: Fig. 158 refers only to the 3/2 electron compounds of copper 
SI ver and gold alloys and the conclusions refer only to thSe E’ 
Smee th=» mdude ndl-Jn,™ .j, J 

Qif some practical value, but the main interest of Fig 1.8 is that 
shows how when a whole series of phases of a given stmernre is eLam 
ined systematically from the point of view of valency size S 
and electrochemical factor definite principles become Apparent fn a 
general quahtative way, and it is by this kind of systematic lamination 
that we may hope to lay the foundations of a science of alloy structures 


Suggestions for further reading. 
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39 — Superlattice Structures and Interstitial 
Compounds in Alloys 

O LDER Metallurgist : You have already spoken several times about 
the development of short range in alloy phases, and have told 
me to regard this as a process in which solute atoms tend to avoid 
being close neighbours, with the result that the energy of the structure 
is lowered because there are no longer regions where groups of close 
solute neighbours produce intense local strains. It seems to me that if 
short range order can lower the energy in this way, it should some- 
times be possible to lower the enei^y still further by a long range order 
in which the solvent and solute atoms occupy regular positions relative 
to one another, the regular arrangement persisting throughout the 
whole crystal. I imagine tills is what you meant when you referred 
to the ordered structures of the /?-phase (Chapter 38, page 331), but 
there would seem to be no reason why the same effect should not be 
observed in primary solid solutions. 

Young Scientist: In some systems changes of that kind do occur, 
and alloys are found which at high temperatures possess a random 
— or more probably a short range order — structure, but which on slow 
cooling or annealing at a low temperature undergo an atomic re- 
arrangement in which, whilst the crystal structure as a whole remains 
unchanged^ the two kinds of atom take up regular positions relative 
to one another, forming a long range ordered structure which is usually 
known as a superlattiee. 

The history of the subject is very interesting. There are some alloy 
systems where at high temperatures a continuous series of solid solu- 
tions is formed. The system copper-gold is an example of this kind, 
and in the early work on the subject it was found that on taking cooling 
curves of alloys with compositions in the region 25 or 50 atomic per 
cent of gold, thermal arrests — sometimes rather ill-defined — occurred 
at low temperatures, and suggested that a change in structure was 
taking place. Measurements of electrical conductivity then showed 
that whereas alloys quenched from high temperatures gave the 
typical U-shaped conductivity-composition curve (Fig. 159), the 
slowly-cooled alloys, or alloys annealed at low temperatures, gave 
curves in which the conductivities rose to maxima at the compositions 
corresponding to^ the formulae CugAu and CuAu. The temperature 
coefficients of resistance showed corresponding variations. These facts 
were first taken to indicate that definite compounds GujAu and GuAu 
were crystallizing out of the solid solution, and could take up a certain 

' In some cases a cubic structure may become tetragonal with an axial ratio very 
nearly i .0. Here the structure as a whole is very slightly changed, but the process 
is often clearly of the supcrlattice type. 
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amount of gold and copper into solid solution. There were, however, 
many difficulties in this interpretation, and it was not until 1928 that 
the X-ray crystal analysis of Borelius, Johannsson and Linde showed 
the true nature of the change. 

In the case of the CugAu alloy, the structure at high temperature 
is a more or less random face-centred cubic structure with some kind 
of short range order. Direct evidence for the short range order was 
obtained by Wilchinsky who showed that Debye-Scherrer X-ray 
diffraction films exhibited variations in the density of the general 
scattering — that is the general background of the film as distinct from 
the sharp diffraction lines — ^which indicated a short range order effect. 
The structure of the same alloy after slow cooling, or annealing at a 
low temperature, is shown in Fig. 160. Here you will see that the struc- 
ture as a whole remains face- centred cubic, but the two kinds of atom 
now occupy regular positions relative to one another. The gold atoms 
are at the corners of the cube, and the copper atoms at the centres of 



Fie. X50— Conductivity curves of copper-gold altoys after annealing at the 
” temperatures indicated 
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Fig. i6i — ^Thc CuAu superlattice structure 


the faces. Fig. i6i shows the GuAu superlattice structure in which the 
two kinds of atom occupy alternate layers, and the structure is tetra- 
gonal with an axial ratio nearly equal to unity. 

OM: The structure of Fig. i6o seems to be one in which the gold 
atoms are keeping as far away from one another as possible. The 
closest interatomic distance in the face-centred cubic structure is 

that is the distance between an atom in the centre of a cube 

3 

face and one at the corners of the same face. According to Fig. i6o 
no two gold atoms are closest neighbours, although the gold atoms 
are second closest neighbours at a distance of a from one another. 

YS: That is quite right, and you will find that many superlattices 
are characterised by arrangements which keep similar atoms as far 
apart from one another as possible. You may regard this as ait ex- 
tension of the principle we discussed in connection with the short range 
order effects. An entirely random arrangement of atoms would result 
in some places where there were local groups of atoms of one kind or 
the other, and if the atoms were of different sizes this would produce 
intense local strains, which might to some extent be removed by a 
regular arrangement of the atoms such as that of Fig. i6o. 

The same principle is shown very clearly by the work of Bradley 
and Jay on superlattices in iron-aluminium alloys. In this system 
there is a wide solid solution of aluminium in iron, and the alloy 
containing 35 atomic per cent of aluminium at very high temperatures 
may be expected to have a more or less random structure (Fig. 163) 
with some kind of short range order, but there is as yet no direct 
experimental proof of this. If, however, the alloy is quenched from 
700® 0 , the structure is that illustrated in Fig. 163. ' In thisrfigure, 
8 xmits of the body-centred cubic structure have been shown, and the 
open circles represent positions which are occupied by iron atoms, 

338 




.supkrlattic;e structures in alloys 



Fig. 164 Fig. 165 


whilst the cross-hatched positions are occupied by iron or aluminium 
atoms at random. You will see that in this arrangement, if we ignore 
the difference between the two kinds of atom, the structure is body- 
centred cubic, but there is now a definite long range order in the sense 
that some sites are occupied by iron atoms only, whilst others may 
contain atoms of either iron or aluminium. 


OM : That is a very interesting arrangement, and it seems to bear 
out what you said before. In the body-centred cubic structure the 

closest distance of approach of the atoms is equal to where a is 

the side of one of the small cubes in Fig. 160. The arrangement you 
have shown in Fig. 163 is such that no two aluminium atoms are 

closest neighbours at a distance On the other hand a random 


arrangement of the two kinds of atom among the cross-hatched sites 
will mean that some aluminium atoms are second closest neighbours 
at a distance a from one another. Now it seems to me that I could 
imprcJve on the arrangement of Fig. 163. If the two kinds of atom 
were arranged as in Fig. 1 64 where the full circles represent aluminium 
atoms, no two aluminium atoms would be closest neighbours at a 
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distance-^^, and no two aluminium atoms would be second closest 
2 

neighbours at a distance a. The closest distance between two alu- 
minium atoms in the arrangement of Fig. 164 is a^, and this is there- 
fore a more satisfactory fulfilment of your condition for a superlattice. 

YS : What you say there is perfectly correct, and the arrangement 
of Fig. 164 is in fact what is obtained if the FcjAl alloy is slowly cooled 
or annealed at a low temperature. You will see, therefore, that the 
FejAl alloy illustrates tire superlattice principle very beautifully. At 
low temperatures, the ordered structure is such that the aluminium 
atoms keep as far away as possible from one another, At higher 
temperatures this perfect order is destroyed, but partial order is 
retained in such a way that no two aluminium atoms are closest 
neighbours. It will be very interesting to see whether later work 
shows that a more random order exists at still higher temperatures, as 
I have suggested. 

OM; From the form of the body-centred cubic structure, it would 
seem that the equiatomic, FeAl, alloy could take up the caesium 
chloride structure analogous to the behaviour of /fl-brass. 

YS: That’s right, and it is actually what happened (Fig. 165). It 
is interesting to note that if iron be ascribed a zero valency as in 
FcaZnji, FeAl may be looked on as an electron compound of electron 
concentration 3/2. 

OM: It is very clear that rise of temperature tends to destroy these 
ordered structures, and in view of what you said about thermal arrests 
in copper-gold alloys, it would seem that the process is like that of a 
phase change. 

YS : That is rather a confusing point, and it is not necessarily the 
case. The change from the ordered to the disordered state is usually 
regarded as a co-operative phenomenon, and in some ways it is analo- 
gous to the change from the magnetized to the unmagnetized state of a 
ferromagnetic substance. Suppose for example we consider the 
ordered structure of Fig. 165, and that we call the open circles the 
“ right ” and the full circles the “ wrong ” positions for the iron atoms. 
In this case the full circles will be the right positions for the aluminium 
atoms, and the open circles will be the wrong ones. If we now consider 
the average energy necessary to place one iron atom and one aluminium 
atom into the wrong positions, the energy will become smaller as the 
disorder increases. In other words when there is perfect order, the 
creation of disorder is opposed by the whole order of the assembly, 
and the less perfect the order, the more easy it is to create further 
disordCT. When this idea is developed mathematically, it is found that 
on raising the temperature, the order is destroyed , at first very gradually 
and then with a sudden rush over a comparatively short range of 
temperature, just as ferromagnetism is destroyed over a short range in 
the region of the Gurie point. Some writers have in fact used the 
expression “ Gurie point ” to describe the temperature at which most 
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Of the superlattice order is sudde^y destroyed, but on the whole this 
procedure is rather confusing, and it is not to be recommendS 

OM: If the ord^ is destroyed over a range of temnerature 
process is different from that of the melting of a pure metal o^com- 
pound, which takes place at a constant temperature. I suppose tSs 
means that if there are thermal arrests, they will also extend overa 
range of temperature ? ^ 

YS: The change from order to disorder is always accompanied by 
the absorption of energy, and this appears as a rise in the soecifir 
heat m the region where the order/disorder change takes place The 
exact details depend ori the particular superlattice concerned. Thus 
in the ^-brass order/disorder change there is an abnormally large 
specific heat over a considerable range but there is no definite latent 
heat at any one teinperature. On the other hand in the GusAu super- 
lattice Aere is a definite latent heat (that is the specific heat becomes 
infinite) at one pomt. There was much discussion as to whether 
superlattice changes should be classed as phase-changes or not and 
for a time many of them were called phase-changes of the second-order 
to distinguish them from ordinary phase-changes of the solid— liquid 
type whose principles are summarised in the well-known Phase Rule, 
hdore detailed examination has shown that some superlattice changes 
are properly regarded as ordinaiy phase-changes, and in some cMes 
(^•8^*5 structures liave been obtsjned with, ordered ani d 

disordered phases in equilibrium. For the present we may ignore these 
details, and regard the formation of a superlattice as a process in which 
the free energy is lowered by the production of an ordered arrangement 
of the atoms. 


OM. I can sec that in a superlattice change, the structure of an 
alloy as a whole remains unaltered, and this seems to introduce some 
complications which you have not discussed. For simplicity in drawing, 
let us consider a a-dimensional square-centred lattice with two Vlnrl^ 
of atom as I have shown in Fig. i66, where the upper figure represents 
a random arrangement of the two kinds of atom. Now suppose a 
superlatticc is formed in which one kind of atom occupies the centres, 
and the other the corners of the squares. This will prevent like atoms 
from becoming closest neighbours, and will satisfy your condition for a 
superlattice. Exaniination now shows that this can happen in. two 
ways as illustrated in the lower figure of Fig. i66, but these two ar- 
rangements won’t fit together, because the centres of the squares in 
the one arrangement are the comers in the otlier, and vice versa. In 
such a case, how does the crystal know how to start? 

YS : That effect has actually been found in the case of GujAu. In 
this superlattice the structure (Fig. i6o) is face-centred cubic, and it 
may be looked on as formed by the interpenetration of four simple 
cubic lattices, just as your structure Fig. i66 is equivalent to two 
interpenetrating square lattices. In the case of GujAu, the ordered 
state corresponds with one of these lattices being occupii^ entirely by 
gold atoms, and the other three by copper atoms. The ordering can 
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thus occur in four ways in any one crystal — just as your structure 
Fig. 1 66 gave two ways — and by cooling under suitable conditions 
it is possible to obtain structures in which each crystal has begun 
ordering in four ways, with the production of what arc called “ anti- 
phase nuclei.” These grow outwards until they meet, but they cannot 
coalesce for reasons similar to those which apply to your Fig. i66. 
This effect was studied by C. Sykes who was able to obtain specimens 
with small anti-phase domains of remarkable stability. This stability 
is the result of there being four alternative ways of ordering. In the 
general case, such as your structure (Fig, i66), the tendency would be 
for one small anti-phase domain gradually to grow at the expense of 
another with the production, first of a coarse anti-phase structure, 
and ultimately of a single ordered structure. But with four ways of 
ordering, a small anti-phase structure is stabilised for reasons similar to 
those which make a foam structure stable in spite of its great surface 
area. 

OM: If the formation of a superlattice is due to the relief of the 
strain which results when two like atoms are closest neighbours, it 
would seem that the stability of a superlattice would increase with 
increasing difference between the sizes of the atoms concerned." If the 
atoms are of the same size there will be no strain to relieve. On the 
other hand, if the atoms are too different in size, they will not fit 
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together to form a solid solution. So it seems likely that superlattices 
will usually be found in systems where the size factors are neither too 
favourable nor too unfavourable. 

YS: That’s perfectly right. You will see that in the system copper- 
gold the size factors are on the borderline of the favourable zone— 
the atomic diameters are 2.54 kX and 2.88 kX for copper and gold 
respectively. The values for iron and aluminium are about 2.5 and 
2.8 kX respectively. 

OM : It would seem to inc therelore that one might carry the process 
a stage farther, and obtain alloy structures which were determined 
primarily by the sizes of the constituent atoms, even though these 
differed too greatly for solid solutions to be formed. 

YS : That’s perfectly true, and many examples have now been found. 
The first of these to be discovered was the so-called Cu|jMg structure 
which is shown in Fig. i67(ffl). This structure is formed by the com- 
pounds 

CuaMg, Au^Bi, KBig. 

All of these are characterised by containing atoms whose diameters 
are roughly in the same ratio. You will see the interesting way in 
which the Insinuth atom is the smaller atom in the compound KBij, 
but the larger atom in AuaBi. From Fig. 167(0) you will see that the 
small copper atoms front tetrahedra which are linked together, and 
Fig. 167(6) shows this skeleton of copper atoms, in the holes of which 
He the larger atoms of magnesium. In the MgNig and MgZna types 
of structure there are again tetrahedral skeletons of the smaller atoms 
which fit together as shown in Fig. 167(c) and i67((f). These are called 
Laves' Phases because they were discovered by Laves who also recog- 
nised their dependence on a roughly constant ratio of the atomic 
diameters of the constituent atoms. 

OM : All those are examples of binary phases, but could one not 
have structures in which one kind of large atom was mixed with more 
than one kind of small atom, provided that the ratio of large: small 
was maintained? 

YS: Examples of that kind are known. One of these is the isomor- 
phism of the two compounds 

Ain Gu Mgi and Al^ Mgg Zng 

which occur in the ternary systems Al-Cu-Mg and Al-Mg-Zn respec- 
tively. At first sight it might seem that there was little connection 
between these two formulae, but if you remember that the magnesium 
atom is considerably larger chan any of the others, you will see that 
we may re-write the formulae : 

AljCu Mgi = MgiaAligCug 

« AlgMggZna = MgigAlgZn^a 

There are, thus, 12 large magnesium atoms to 21 or 20 smaller atoms, 
and this is the characteristic of the structure. Other examples of this 
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Tig. 167 

(fl) shot^ the stmture of CViMg in which the small Ctt atoms form lelrahedra which are re- 
^anged Tel^tmh to one another as shown in (A). The large Mg atoms lie in the holes between 
the smatt letrahMra.ln Mg^ the small atoms again form tetr^edra which are arranged 
as Shown m tc), and the large Mg atoms lie in the holes between the tetrahedra. In MgNi. 
the s^U M atom form tetraheeha arranged as shown in Id), and the large Mg atoms agaia 
occupy the holes between the tetrahedra. 5 i s 


kind have been encountered, and the work is associated particularly 
with the name of Laves. 

OM . It seeins, therefore, that we have a continual transition from 
compounds such as GujCdg where the increasing difference in atomic 
diameters has modified the details of the GugZng structure, although 
re aining thTe mam. structure, to compounds such as those you have 
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described above in which the size factor is predfnninaiit and actually 
determines the structure. 

YS: That’s quite right. You will see. that in the wide range of 
alloy structures which we have discussed, what we may call the size 
factor is one of the most important factor.s affecting the structure of 
an alloy. The electro-chemical factor is also of general importance in 
most alloy systems, and the electron concentration clearly plays a 
vital part in many alloys. In the general case, these three factors, 
and probably others which are not yet understood, are all concerned, 
and it is their interplay which make,s the science of alloy structures so 
difficult to understand. 

OM: That I can quite understand, but there is one further possi- 
bility which you have not tomidered. You explained how primary 
solid solutions could be of two kinds — substitutional and interstitial. 
It would seem therefore that if we can have an interstitial solid solution, 
we might also have an interstitial compound in which, if one kind of 
atom were very small compared with the other, the smaller atoms 
fitted into the holes or empty spacc.s between the larger atoms. 

YS: That is perfectly correct, and some of the metallic carbides 
and nitrides arc of that type. If you examine the sodium-chloride 
structure of Fig. 140 you will .sec that each kind ol’ibn by itself forms 
a face-centred cubic structure. The X-ray w'ork has shown that in 
some metallic carbides of formula AIC\ where AI is a metal, the metallic 
M atoms occupy a face-centred cubic lattice, and the carbon atoms 
occupy the holes in this lattice, so that the structure as a whole is of 
the sodium-chloride type with the metallic atoms “ in contact.” 

OM: You mean that the carbon atoms are, as it were, rattling about 
loose in the holes between the metallic atoms? 

YS; No. The interesting thing is that structures arc apparently 
not formed so that one kind of atom is ” loose ” in the holes between 
the other atoms. You will understand froju Fig. 140 that in .sodium 
chloride the electrostatic attraction pulls the positive and negative 
ions together until they ” touch ” (that is, their electron clouds overlap), 
and the process is brought to a slop by the “ contact ” of oppositely 
charged ions, and each ion has six neighbours of the opposite kind. 
In die MG metallic carbides, we have the same kind of structure, and if 
we regard the two kinds of atom as spheres, it is easy to show that if the 
atomic diameter of the one kind of atom is 0.41 times that of the 
other, the smaller atoms exactly (ill the spaces between the larger 
atoms, and the MG sodium-chloride type of structure becomes one in 
which the larger M atoms touch each other as well as the smaller G 
atoms. Experiment then shows that in .systems where the diameter of 
the carbon atom is lc.ss than 0.41 times that of the melal atom, a 
sodium-chloride type of structure is not produced, whereas if tlie 
“radius ratio” is slightly greater than 0,41, the sodium-chloride 
structure may be Ilirmed. 
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OM: You mean that in these MC carindcs the metal atoms occupy 
a face-centrcd cubic lattice with the carbon atoms at the centres of 
the edges of the unit cube — there will also I suppose (Fig. 140) be a 
carbon atom at the centre of the unit cube. 

YS : Yes. That is what happens if the radius ratio is greater than 
0.41. 

OM: If you look at the structure of the face-centred cube (Fig. yy) 
the atoms form tetrahedra in which one atom rests on the triangle 
formed by three others. In MC carbides where the metal atoms are 
so much larger than the carbon atoms that the latter arc loose in the 
“ holes ” of the sodiunr-chloridc structure, it seems that there are 
smaller " holes ” in the middle of the tetraliedra formed by the metal 
atoms. One might therefore expect compounds in which the metal 
atoms occupied the points of a face-centred cubic, lattice, with the 
smaller atoms in what might be called the tetrahedral holes of the 
structure. 

YS: That is quite true, and in some interstitial compounds, that kind 
of atomic arrangement is found. Speaking generally for the transition 
elements, hydrogen is only element for which the radius ratio is 
sufficiently small for the “ tetrahedral holes ” to be preferred. As we 
have already seen, when the radius ratio is 0.41, the smaller atoms 
just fill the soclium-chlorldc type of hole in the face-centred cubic 
structure, and experiment has shown that with radius ratios between 
0.41 and 0.59 interstitial compounds of the scjdium-cliloriclc type are 
often formed. In the same way with the metal atoms occupying a 
close-packed hexagonal structure, it is po.ssiblc to insert interstitial 
atoms into “ holes ” so that each has six rnetal atom neighbours 
(analogously to the sodium-cliloride structure) or into tetrahedral holes 
so that each interstitial atom has four metal atom neighbours. These 
very simple ideas have explained the structures of many carbides, 
nitrides, and hydrides, and the work is associated mainly with the name 
of G. H^g. You should also note that in this class of compound 
variation in composition is very common, and not all the “ holes ” 
may be filled by the smaller atoms. This is why carbides and nitrides 
of elements like titanium are often of variable composition. 

OM: In view of the electrochemical nature of carbon, it seems rather 
strange that these compounds can be regarded as consisting of spheres 
in contact. I should have expected some kind of definite chemical 
combination between the metallic and carbon atoms. 

YS : There you arc certainly right, and the idea of large and small 
spheres is now admitted to be much too simple, although it did serve 
to generalise a great many facts. I think you may take it as fairly certain 
that something like co-valent bonding exists between the metallic and 
carbon atoms, although the number of electrons present is insufficient 
to form nonnal bonds with two electrons held in common. You will 
nodee that, in the sodium-chloride structure of the MC carljidm, each 
M atorn has six carbon atoms, and that the bonds are mutually 
perpendicular. The six atoms form the corners of an octahedron, and 
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octahedral bonds of this kind are known to result from hybridisa- 
tion of the orbitals of transition elements; and it is very probable that 
this kind of bonding is present in these carlndes. The co-valent bond 
radius of carbon is small compared with atomic radii in metals, and 
so we can understand why the simple early concept of large and s mall 
spheres did permit some generalisation. 

OM: On the whole it seems that the atomic size factor is the most 
important factor in determining the structure of an alloy. 

YS: There I agree with you. The atomic size factor is the first and 
most important factor in determining tlic structure of an alloy, and 
that is why it must always be considered before the effect of valency, 
electron concentration, or electrochemical factor can be seen. 

Suggestions Tor lurlher I'luuliiig. 

The Crystal Structure of Aletals, G. .S. Uarrcll. 

Tlie Structure of Metals atul Allavs, W. Humo-RulliRry anti G. V. Raynor. 

- Institute of Metals. 

Superlattice Structures, I f. fJpsuii. Progress in Metal Physics, Vol. 2, p. i. 
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PART IV-~THE STRUCTURE 
OF THE NUCLEUS 


4.0 — RadioiictiviLy and Natural Disintet>ration 

O LUEii III an carlirr t hiijjlcr (Clliajiicr a, page ao) 

you iinpliecl that tlia structui‘<' of tlio nucleus was generally 
unimportant from the nictallurgisls’ point of view. But with all tliis 
new work on atoniic encvgyj 1 imagine that many new metallurgical 
problems will arise, and that the inetalhirgisl must know some of 
the underlying ideas, If I remember rightly, it was the study of radio- 
active substances which gav'e the fust evidence that atoms were not 
indestructible. 

Young Soibntist: That’s quite right. Tlie study of radioactivity 
in the years 1896 to 1920 led gradually to the eonelusinn that radio- 
active changes involved not a mere rearrangement of the extras 
nuclear electrons, but changes in the atttual nuclei of the atoms. This 
was indicated hy the magnitnde. of the energy chiingcs, and also by the 
fact that in some changes it was possible to show that the emission 
of radiation was accompanied hy the transliinualiou of one element 
into another. This was ofcour.se in conipltite. contrast witli ordinary 
chemical changes, in which althoiigli compounds may be formed 
or decomposed, each atom coucernctl remains an atom of the same 
element. For example, hydrogen may combine with oxygen to form 
water, and the water may combine with a siilt to form a hydrated 
crystal, and this may be decomposed by heating, with the production 
of water, which may then be split tip into hydrogen and oxygen by 
electrolysis. In all this sequence, although the configuration of its 
outer electrons may be altered, a given atom of oxygen remains an 
oxygen atom, and similarly with the hydrogen. In contrast to this, 
when radium gives off the .so-called a-ray.s, the divalent alkaline earth 
element radium of atomic number 8U disappears, and a new inert 
gas “ radon,” or “ emanation,” of atomic number 86 is formed. 

OM: You have explained before that an element of atomic number 
Z contains a nucleus with a charge of -1-Ze, surrounded by Z electrons 
It seems, therefore, that if an element of atomic number 88 changes 
to one of atomic number 86, the nucleus must somehow get rid of a 
charge of +2e. 

YS: Actually that is what happens, and the so-called radiation 
consists of a stream of what are called a-parliclex. These are helium 
rmclci, or He++ ions, and as they carry away a charge of -fae from 
the nucleus, the emission produces a new element which is two. places 
earner in the Periodic Table. You may, if you like, say that the atom 
of radium has disintegrated with the emission of an a-particle, and the 
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production of a new element lyiiiK two places liaek in tlar l\;rlutlic 
Table. 

OM: If the a-particles are doubly charifed ions, they coukl I suppose, 
be deflected Isy electric and magnetic fields, and this (five: a way 

of measuring their cliargc and mass. 

YS: The nature of e-particles was in fart established in lliat way, 
and the identification was later ennlirined by deleetiun of the helinni. 
The fact that the ft-parlirles are ehargetl iiieans that they possess 
strong powers of ionisation wlien passed throui;Ii a gas, anrl lliis has 
led to various methods hy which their patlis ran be stnilied. In 
the Geiger-Nuttall type of iasinnnent tlie a-partii:les are led into a 
partly evacuated cliamlier eontainin.ty two tdecirodes between wliirb 
a potential dift'ercncc is maimained. T'lie entranee of the a-partiele 
produces a number ofions, and in one type ofinstniment ilie ionisation 
produced by tlie a-particth; serves to iirotlnre an eledrie discliarge; 
in this way each individual a-partiele. which enters tin- eliaiiiber can 
be counted. In another modification of the instninienl the ions 
first produced by the n-particle produce fiirilicr itwis )>y eollisioii, and 
the resulting current between the electrodes ran be- incasurcil. 

Another instrument wliich has been of very great value is tlie ex- 
pansion chamber of 0. T. R. Wilson. ‘This makes use of the fat t that 
if the a-particles pass tlirougli air which is snpersainratcd with water- 
vapour, the ions which are produced Ifirni nuclei on whieli water 
condenses, and the minute droplets can be illuminated by a slroiig 
beam of light, and can then be plintograplied. T lie .stipersatnration 
is produced hy suddenly expanding moist air, when the c ooling caused 
by the expansion lends to condense the water. In this way the pa.ssag(t 
of an a-particlc leaves a trail of niinnte droplets which ran be photo- 
graphed; Fig. l6M is an example of this kind. 

OM: In Fig. itifl the tracks of the ft-particles seem to he of two kinds, 
each being roughly of tin* .same length. H' the bright lines represent 
the ranges over wliicli individual «-]jarlieles have prodneed ions, the 
photograph suggests that there are n-parlUTes of two distinct energies, 
which are absorbed after travelling through diflereni distanc:es in air. 

YS: That’s quite riglit. In general eatdi type of disintegration 
process produces a-partieles of deliiiiie energy,* and these ran ]ieiu*- 
trate air for different distances before they are slowc-d down to sncli an 
extent that they no longer produce ionisation. This rangi- is rea.sonalily 
although not absolutely .sliarp, and may lie used as a eharacteristie 
constant of a ijarticular scries of «-partiele. If n-parlirles are jiassed 
through a metal foil, they are retarded, and tlie range of tlie trans- 
mitted particles in air is reduced by what is called the stopping jiower 
of the sheet, which is defined as the etjuivalenl air path hy wiiieh the 
normal range has been redneed. The sto])ping power of course in- 
creascs«with the ihiekne.ss ol ilic sheet, and for a given thickness it 
increases with the dcn.sily and aioniie weight. 

* To a higher clogrcc nriu'ciiracy the energy tlislrihiiliiiii may simvs a line Mini lure. 
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yS: This was at (irsl belicvfvd, hul it c-aiiiiol In; iiiaintained nowadays. 
If it were true we shoidd be hard put to explain the binding energies 
of nuclei (particularly whv Be" is unstable and yet C.>» and He* stable). 
Apart from a-ray radioactive chunges, there i.s a sct;ond kind of change 
in which the .so-called ^-ray.s are einiltetl. These are more penetrating 
than a-rays, and dcde.ction experiments in magnetic and electric 
fields show that they iur ordinary elenrons moving with very high 
velocities which may be as high a.s a <.r ^ , loui cm/sec. This means 
that they exhibit the eflecl required by the Theory of Relativity. The 
mass m is related to the velocity u by the etpiation 

where »io is the rest nias.s. 

OM: If we apply the argument you gavtr bel’ore, it would seem that 
when an atom of atomic miinlK*r Z uiulergoes a ^-rtiy emission procesSj 
it must change into an eleineiu of atomic number (Z f i), because if 
a nucleus loses a charge of - e, it is cquivah'ut to tin; gain of a charge 
of +e. 

YS: That’s quite, true. A ^-ray disinlegraliou leads to the produc- 
tion of a new element wliich is one. place forward in the Periodic Table, 
in contrast to a-ray emi.s.siou where the new element is two places 
back compared with the element giving rise to the emission. There 
is also a third kind of radioactive emis.sion, the so-called y-rays, and 
experiments show that these are not dellerte.d liy (‘Icclric or magnetic 
Mds. This means that they carry no electric tiliarge, and they may 
be regarded a.s X-rays of very short wave length. The i'act that they 
carry no charge means lliat their eniksiun from a nucleus produces 
no alteration in the i-liarge of the nucleus eoneerned, and .so y-ray 
emission docs not lead to the linTiialiou of a new elcnieni. 

OM: That seems very .siigge.sliv«*, l)eeau.se. when a nucleus emits 
radiation, it must i)rcsuinal)ly hise energy, and if a new element is 
not produced in the change, the resulting nucleus will have the same 
atomic number, but a lowtrr energy iliau tlie original nucleus — ^it’s 
almost as though the miclei conceruetl can exist in different energy 
states, just as the extra nuclear electrons can be excited, and can 
then fall back into the noririal stale with the. emission of radiation. 

YS: In a general way, yoiir analogy is quite correct, and you will 
see that the earlier w<jrk on radioactivity was of great interest in 
proving first that the nuclei of heavy atoms wei’c not indestructible, 
and secondly in giving evidence liir a mielear structure of some kind. 
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O LDER Metallxjrrist: In your description ul' niiiural radioactive 
disintegration, you said that tlic process was one whicli involved 
the nucleus, and not the outer electrons of an atom. In discussing 
the electronic structure oi' metals, you have several times emphasized 
that in a metal such as lead, an inner group oF electrons, such as the 
(is)® group, is so deep down in the atom that it is practically unaffected 
by the presence of adjacent atoms in a molecule or crystal. It would 
seem, therefore, that in a process where the nucleus itself is concerned, 
the state of chemical combination of the atom will have little effect. 

Youno Scientist : That is perfectly correct, and radioactive disinte- 
gration proceeds quite independently of the state of chemical combina- 
tion of the atoms concerned. The disintegrating process is a process 
in which the nucleus alone is involved, and does not depend on any 
hind of reaction between the outer electrons. 


OM; In that case, at a given time the total emission from a given 
sample should be proportional to tire number of atoms which have 
not previously disintegrated. That is to say the number of atoms 
disintegrating in an interval At, should be proportional to JVdt where 
JV is the number of unchanged atoms at the beginning of the interval. 
This would imply that JV diminished exponentially. 


YS: That is in fact what is found, and if the constant of propor- 
tionality is called A, the number of atoms disintegrating in time At is 
equal to J^XAt, where A is called the decay cotislanl. In this case the 
number JV of atoms present at time t, is given by the relation 

N = JV„?~^' 

where JVq is the number present at time I = o. You can readily see 
that A is the chance of a single atom disintegrating in unit time (l sec.), 
and so a large value of A means tliat the nucleus concerned is relatively 
unstable. The relation between JV and t which corresponds with the 
above equation is of the form shown in Fig. 169. A is thus a measure 
of the stability of the nucleus, but in many cases it is customary to 
consider not A, but the time of half life, which is the time required for 
the element concerned to decay or disintegrate to one-half its original 
amount. This is given by the time at which the ordinate in Fig, 169 


has the value of 0.5, At this point JV = — , and we have therefore 


/ „ Jogea _ 0-693 

A ' ~A~' 

You will see, therefore, that a short half-life (i.e., large A) means that 
the atom is very unstable. The actual half-lives vary enormously. 
For some artificial isotopes (see page 355) they may be of the order 
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JV„ is Ik number of atoms present at lime T — o and N the number present at time T. The 
graph shows ^-plotted against T. The value of T when ^ = 0.5 « called the period of half 

life ■ 


10“® sec, wlillst ior the isotope uranium, known as uranium /, the half 
life is several billion years- 

OM: I have noticed that most of the radioactive elements to which 
people refer are of luRh atomic number. This is very interesting, 
and it suggests that when the accumulation of positive charge on a 
nucleus lieconics too great, the resulting structure is unstable, and 
tends to disintegrate spontaneously. 

YS: That is quite correct, and is the reason why the atomic numbers 
do not go on increasing indefinitely. Apart from establishing this 
point, the recognition that radioactive transformations involved the 
disintegration of the nuclei was of supreme importance, because it 
naturally led people to consider whether the nuclei of the lighter 
elements might not be made to disintegrate. The physicists then 
had the brilliant idea of using tlie high energy a-particles produced 
in natural radioactive disintegrations as projectiles for the bombard- 
ment of atoms of light elements. It was hoped that the impact be- 
tween an tt-particle and an atomic nucleus might he sufficiently violent 
to disintegrate the latter. 

OM: There is one point you haven’t made clear yet. You have 
explained (Chapter 2, page 18) how nearly all elements are mixtures of 


M 
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isotopes, the isotopes of a given clement havuig llic same nuclear charge, 
but different masses. I can understand how the identical nuclear 
charge implies that the extra-nuclear electrons behave similarly in the 
different isotopes of an element, and consequently how the different 
isotopes have identical chemical properties. But in a process such as 
nuclear disintegration, it would .seem that different isotopes might well 
behave quite differently. If two isotopes have different atomic weights, 
tliey have different amounts of .something in them, and this must 
surely lead to different stabilities of the nuclear struclurtts. 

YS: That is perfectly correct, and in many tmclcar processes the 
different isotopes of an element behave quite differently. It is there- 
fore necessary to have some kind of sti^m holism which distinguishes 
between tlie isotopes. For this purpose it is ustial to write the atomic 
number below and before the chemical symbol of the element, and 
the atomic weight above and after the symbol. For example 

stands for the isotope of helium (atomic number 2) of mass 4., and 
similarly in other cases. 

The first really convincing disintegration experiments were made 
(1919) by Rutherford who found that when a radioactive source of 
o-rays was placed in niti'ogen, particles were produced which could 
travel in air for much longer ranges than the original a-particles. 
Thus o-particles from radium C* have a range in air of 6.g cm, but 
■when nitrogen was exposed to tlic action of these o-particles, new 
particles with ranges up to 40 cm were obtained. Rutherford showed 
that this was due to the production of an isotopi; of iluorine which 
was unstable, and at once underwent a furtlier clisintiigration with the 
production of the oxygen isotope of atomic weight 1 7, and a hydrogen 
nucleus or proton — it was tlie.se protons which constituted the long 
range particles, and the whole process may be represented: 

gHe* -h -I- iHi 

In this way oxygen was produced from nitrogen, and the first 
artificial transmutation of an element into another was achieved. 

OM: I don’t think you ought to say that, because radium com- 
pounds must often have been in contact with atmospheric nitrogen, 
and this will have led to the process you liave just described.' 

YS: I’m sorry. I should have said that it was the first time that 
the transmutation had been produced under controlled conditions. 
Once the nature of the process had lieen established, similar experi- 
ments were carried out with many of the lighter elements, and a 
number of transmutations were found to occur. When this stage 
had been reached, it was natural to sec whether .similar disintegrations 
could he brought about by bombarding the light elements with protons 
(H'l' ions) or other ions which had been accelerated by passing dirough 
a h^h potential difference. In 1932 Gockroft and Walton bombarded 
lithium 'wii high-speed protons, accelerated by 300,000 V, and 
succeeded in obtaining helium from lithium. Ordinary lithium 
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ntains two isotopes nl' at, m.ic _wcii.h.s*..uul 7. <'«,<! tii^sr ,.n,l,‘rwrm 

Se following two .nidwr reactions 

,Lr : iH* - aHr< jHe* 
ilia" -I ,H‘ =-aHr‘ 

Thkis a completflv artilu ial traiwinilati..,., hc auM- lilhimi. ,locs 
not^efnto contact with hiuh-si.r.Ml ,i..,t,..,s .n t1„- nr.lnnny ,-o,.«>r 
^nature The ahove is not ih,- milv pr.,,,--. whict, can ocrnr 
* C nmtoii is ranlim'tl hv a lithiniii aloin with iUv powin, lion 

STSuum » ‘'If 

mils a satnma ray kadini; to an unc-YUr,! Man- svlin h is Mill uiistahle 
Shas a longer half life. iMiially, w.il.iii .1 tunc of ala.nt to srron.l 
the bervUium decays into two n-partu-lcs. , . , ■ 

tL work was rapidly extended to many other eleiuenls, and m tins 
way die sciencies of Nuclear iniysics anti Nuclear C-heimstry svere 
developed and numerous traiisnintations !,rony,lii aitoiit. In the 
examples described, you will have seen that ilie InM piothic i oi the: 
reaction is unstable and underKoes a sreoml nurlear lealioii. Ins m 
very common, and in such eases llie inirrinediate prf«luel is saul to he 
an artificial radioactive isotope ol the element eoin enieii. 1 lie Iml - 
lives of these artificial raclioactive prtKhu is vary horn a very small 
fraction of a second Ki periods .if many years. It is tliese is,iitim-Jt 
which may be used for followhin proeesses sneh .is difhisioii in metals, 
and for this purpose the half-HU; must not he too short. 

OM' In the above eriuations von liave. wiiiteit the atomic weight 
of each atom as a whole numher. This is very interesting heeause. 
it reminds one of the old hypothesis of I'roni aet;ordnig to wliieh all 
atomic weights were whole numher muhii»les ol that of hydrogen. 
This was, of course, very soon .shown to lie wrong for the ortimary 
atomic weights, and now that iiiosi of these have been .sIio\vn iti re, stilt 
from mixtures of isotopes the non-integral values are reatlily uiuler- 
stood. But your forimtlae suggest that the tUoiuie \veights of the 
individual isotopes arc whole munhrrs, ;uit! so I’rout’.s nyi)olliesi.s 
seems to have come into its own again. 

YS: That is really true only to a first approximation, and to a 
higher degree of accuracy there tire .slight tlivei'gtmcie.s from exiict 
whole numbers. For exanijile, the alomie weights of al.P, .jHe*, and 
iff are really 7.0176, 4.00395, and 1.00IJ13, respeetivelv, if is 
taken as 16.0000^, and the nuclear reaction whicli i.s often written 

aLi’ i iH‘ -- ulle< i jHe^ 

is really 

^Lp .0170 ■ gthd-""-’’®'' f .aHe*’*"*®'*® 

OM: Now you’ve made a mistake there. 

YS: What makes you say that? 

I ThiL atomic wci(tl>i.H of is<itii|),'M sire rrfi*iTMl u> the valtic iti. 11000 I’oi' tlie ^O** 
isotope. The scale is thus .slinhily tlilfermt rntin that o( ortliiiai'v tuoniie weiglitii 
since these arc referred to a value of ifi.tKMMi for ortlioiiry oxygen which w a mixture 
of 0 “, O" and 0 »*, 
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,OM; Well, if you add up tlic masses on the left-hand side of the 
equation, you obtain 7,0176 -I- 1.00815 = 8.03575, whilst for those 
on the right-hand side you have 2 X 4.00385 = 8.00790, so the two 
sides don’t balance, and matter has been lost which is impossible. 

YS : You have hit on a vital point, and I’m glad to say that the 
equations are quite all right. You have forgotten that according 
to the Theory of Relativity, matter and energy arc interchangealjle. 
a mass m being equivalent to an energy me®, where c is the velocity of 
light. In the ordinary reactions of chemistry, the energy changes 
are so small compared with r® that the corresponding changes in mass 
are undetectable by ordinary methods, and so we may say that maag 
is conserved. Actually, if we could measure to a sufficiently high 
degree of accuracy we should find that in a chemical reaction where 
an amount of energy E was evolved, there was a loss of mass equal to 

E 

In nuclear disintegrations we are concerned with energy changes 
which are enormously greater than those in ordinary chemical reac- 
tions, and so the loss of mass is no longer negligible. The fact that 
in the above equation there is a lack of balance of 0.01785 on the two 
sides indicates not that the equation is wrong, but rather that the 
change |is accompanied by an evolution of energy equal to 0.01785 x 
rc® where x is the weight of a hydrogen atom, and c is the velocity of 
light (3 X 10^® cm/sec). Since Avogadro’s Number equals 6.0a X to®, 
the weight of a hydrogen atom is 1.66 x io"®*g, and so the evolution 
of energy is equal to 

0.01785 X 1.66 X 10“®'* X 9 X 10®® = 2.7 X io“® ergs. 

This is the energy evolved when one single atom of hydrogen reacts 
with an atom of lithium according to the above equation. You can 
readily see that the energy evolved per gramme of reactants will be 
enormous. 

OM; Then do you mean that the energy comes off as a quantum of 
radiation? 

YS; The way in which the energy appears depends on the change 
in question. In the above case the liberated energy appears as kinetic 
energy of the emitted particle, and this is the most general phenomenon. 
There have, in fact, been extensive investigations in which reactions 
such as those of the above equation have been examined in detail, 
and it has been found that the equations are always consistent if mass 
and energy are related by the equation E = mc\ 
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fraction to that ofn-xygon as mn. u tins is nn.,.-. .... .... «... , • 
for the clcnKUils ininiedialdy iHcmhiiK !«> «'?' 7 
those which (ollow the values ant iirKative. his .htl. . » ‘ ” 

of the packing fractions docs not iiican that he ; 

stable and the other unsudilc. It is sini|ilv ilie lesull ol tin .itomu, 

weight of oxygen being taken ttaS ih.ooo. 

OM: It seems to me that all this idea of iiloins liring limit out ol 
so many hydrogen nuclei raises one lalal flillieuliy. ■ 

small fractions the atomic weight ot oxygen is i >, whilst ‘['i -‘ 1 *^* 
number is only 8 . .So if the oxygen luickus is Iniill up . ml td I ' * j 

there must be i(i of them, but 11 of them will have. 
by negative electricity, if the nuclear charge is to he ; Hr. 1 lu. mn leu 
will therefore have to contain « electrons as well as ih inotoiis. 

YS : That’s one difficulty, and there arc others which are more 
cated and concern spin, statistics and the UneerlaiiUy 1 nncipic. i ^ - 
difficulties were not overcome until i93“. Chadwick disc< a eret 

a new kind of particle which is now called a tieulnm. Ihe mTKiii.i 
discovery arose from the fact that when the a^particlcs from polonium 
were allowed to collide with hcryllium, tlrey produced whal were at 

‘As explained bclorr ordinuiy iiioniic weights ore rt-lrrirtl n. the value 
for ordinary oxyBcn, wliilsl isoUiple nUaiiio weiglus ore irrenrU m he value i^ 
for O'*. The two scalc.s ore thus not exactly the same lM:emwe orditmry oxygen »» 
mixture of isotopes, and is not pure O'*. 
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first thought to be very penetrating “ rays,” whicli were later shown 
to be particles of the same mass as the proton, but with no electric 
charge— it was for this reason that they were called neutrons, and a 
neutron may be I'epresented by the symbol because the charge is 
zero, and the atomic weight is the same as that of the proton — to a 
higher degree of accuracy it has been determined as 1.00895. 

OM : But if the neutron has no charge, it will not be deflected by a 
magnetic or electric field, and so surely its mass cfinnot be determined? 

YS: The mass cannot be determined by a deflection method, but 
it can be estimated indirectly by measuring the energy relations in 
processes in which neutrons are involved. Just as the loss of a mass m 
corresponds witli an energy evolution of magnitude me®, so a loss of 
energy E corresponds wi± the appearance of a mass equal to Ej^, 
and in this way the mass of the neutron has been estimated. 

OM: I can understand how the absence of charge accounts for 
the great penetrating powers of neutrons, because they will not be 
attracted or repelled by electrons or positively charged ions or nuclei. 
But it’s diflicult to see what will happen to them — they can’t just go 
on for ever! 


YS; Neutrons decay spontaneously in fine space 
N->-P + e + V 

where P is the proton, e an ordinary electron, and v is the neutrino to 
which we shall refer later (page 362) ; the half life of this is about 10 
minutes. When neutrons are passed through matter, they eventually 
” collide " with and are absorbed by a nucleus with the production of 
a new isotope. As in the case of electrons in metals, the term collision 
is rather unfortunate, because one should not think of a head-on 
collision between bullet-like neutrons and nuclei. 


A neutron of momentum p is associated with a wave-length 

OM: You mean that the general ideas of wave mechanics apply 
to neutrons as well as to electrons? 


YS: The ideas of wave mechanics apply to all the elementary 
particles, and a particle of momentum p is always as-sociated with a 

wave length equal to -. Since a neutron is roughly 1,840 times as 

y 

heavy as an electron, it follows that the momentum of a neutron is 
1,840 times that of an electron moving with the same velocity,^ and 


consequently the associated wave length is 


1,840 


that of an electron 


of the same velocity. The result is that for neutrons which are not 
moving too fast, the associated wave length is larger than the ” size ” 
of a nucleus (ca i0“^® cm), and so the interaction between a neutron 
^d a nucleus is analogous to the absorption of a quantum of visible 
light by an atom rather than to a collision between two bullet-like 
particles. Just as an electron exhibits some of the properties of both 

^ For simplicity the relativity correction is being ignored. 
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particles and waves, so a neutron has a corresponding dual nature, 
although the wave lengths are much smaller owing to the greater 
mass of the neutron. These wave-like characteristics mean that neu- 
trons undergo diffraction by crystal lattices, and neutron diffraction 
methods can be used for the study of crystal structure. They are very 
useful because atoms which have the same, or almost the same scatter- 
ing power for X-rays may have widely differing scattering powers for 
neutrons, and so neutron diffraction may reveal superlattices which 
cannot be detected by X-ray methods. The neutron scattering factors 
also depend on magnetic spin, and neutron diffraction can distinguish 
between, say, a crystal of iron in which all the atoms have the same 
spin — this is actually the case — and a hypothetical crystal in which 
there is a magnetic superlattice with atoms of different spins occupying 
regular positions on the common lattice. 

OM : It would seem that if the neutrons can be looked on as part 
of the nucleus of an atom, then a good deal of my previous difficulty 
is removed. The nuclem of an atom of atomic number Z and atomic 
weight W need not contain a lot of electrons — ^if there were some way 
of holding neutrons and protons together, it might contain Z protons 
and W-Z neutrons, and as the atomic weights are usually roughly 
twice the atomic numbers, the nuclei would contain roughly equal 
numbers of the two kinds of particle. 

YS: That’s right, and that’s why the discovery of the neutron 
Avas of such immense importance. The discovery also threw light 
on the empirical fact that nuclei of even mass number are much more 
common than those with odd mass number. In the majority of cases 
a nucleus of odd mass number occurs only once in the whole Periodic 
Table, but nuclei of even mass number may give rise to isotopes of 
several adjacent elements. Tliis ‘clearly suggests that neutrons and 
protons tend to go in pairs in atomic nuclei. 

OM: There will still have to be something to bind the neutrons 
and the protons together, and it seems difficult to see what this can 
be, when one of them is neutral. 

YS: Yes; at first people merely said there exists a nuclear force ” 
— a completely- unknown quantity — and tried to find out something 
about it. The study of the nuclear force from this phenomenological 
basis is still going on extensively. But Yukawa suggested another line 
of approach. In analogy with the photons of the electromagnetic field 
(see page 368), he assumed that the nuclear forces were caused by 
particles. The mathematical statement of this theory is possible, and 
although the solution of the eqttations has not yet been completely 
shown, it was possible to predict the existence of particles, known as 
mesons, of mass about 280 times that of the electron, and produced 
freely in nuclear collisions when there is enough energy to spare. 
These^mesons were first found in the study of what are called Cosmic 

^ For a useful review see : G. E. Bacoa and K. Lonsdale. Reports on Progress in 
Physics, 1953, 16, I. (Physical Society.) 
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Fig. 170 


Rays. The existence of these rays was first indicated by the fact that 
carefully insulated electroscopes showed a very gradual leakage of their 
charges. Elaborate experiments were carried out with electroscopes '' 
carried to high altitudes in balloons, or sunk to great depths in 
lakes or in the sea. These experiments all indicated that the surface of : 
the Earth was subject to the acdon of a stream of very penetrating 
radiation. The intensity of the radiation varied in different places on 
the Earth, and on the assumption that this was die result of the Earth’s 
magnedc field, it was possible to show that the cosmic rays were not 
homogeneous, but consisted of particles of different energies and 
different charges. The final conclusion was that the most penetrating 
component of the radiation could not be electrons, but must be 
particles of considerably greater mass. These were called mesons, or 
mesotrons — that is, particles of intermediate mass. Later the lar^e 
particle accelerators built in the United States produced mesons m 
quantity in the laboratory. These nuclear force mesons are called 
v-mesons — the word plon is also used — ^and they can be positively or 
negatively charged or neutral. Other mesons called /r-mesons, or 
muons, have also been found in cosmic rays, but probably have nothing 
to do with nuclear forces. They arc included in Table X. 

OM: Then do you mean that the earth is being continually bom- 
barded by streams of mesons, whicli are travelling through interstellar 
space? 

YS: No, tiiat’s not right. Mesons in the free state are unstable and 
decay into each other, and finally into an electron; the half lives are 
all less than io"“ second. This means that the cosmic ray particles 
travelling through space are not themselves mesons, but give rise to 
mesons when they reach the Earth’s atmosphere. The actual cosmic 
ray particles are probably electrons and positrons, and the discovery 
of the latter was one of the great advances which resulted from the 
study of cosmic rays. A positron or positive electron is a particle with 
the same mass as an electron but with a charge of -|-e instead of —e. 
These were discovered experimentally in cosmic radiation, and it was 
later found that if very hard y-rays, that is, rays of short wave length, 
were passed through a sheet of tliin metal (for example, lead) placed 
in a magnetic field, the result was sometimes to produce two particles 
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which were deflected iu opposite directions (see Fig. 170), tlie one being 
an ordinary electron, and the other a positron — similarity of the 
curved tracks showed that the masses of the particles were equal, and 
the sign of their charges opposite. It is of interest to note than just as 
the existence of the meson was predicted theoretically before there was 
any experimental evidence, so the positron was predicted by Dirac 
from purely theoretical considerations. 

OM: That is most extraordinary, but if it can really occur, what 
happens to the positrons ? We never seem to meet them in ordinaiy life. 

YS: The fate of a positron, is the supreme illustration of the equiva- 
lence of matter and energy. What happens is that a positron of mass 
m and charge +e meets an electron of mass m and charge — and 
the two annihilate one another as regards mass, and produce two 
quanta or photons of radiation each of energy me?. In other words 
matter is completely destroyed and converted into radiation. Ex- 
pressed in electron volts, the mass energy me® of an electron or of a 
positron is roughly 500,000 electron volts. It is customary to describe 
the energies of nuclear processes m units of i million electron volts 
for which the symbols MeV, MV or sometimes mV are used. If there- 
fore a positron and an electron annihilate one another and form 
two quanta of radiation, each quantum will be of energy 0.5 MeV, 
and the corresponding frequency v will be given by the relation E == hv, 
and is equal to i .2 x 10®“. Conversely if a y-ray is to be captaed by 
lead, and transformed into a positron and an electron, the y-ray 
photon must have an energy of not less than iMsF, since two particles 
of mass m (the electronic mass) are created. This has in fact been 
confirmed experimentally. 


OM: Tve read about that in a vague way before, but there is one 
thing which is never made clear. When one deals with matter- 
say an electron — one deals with something which is reasonably 
localised. Even if one takes into accoimt all of what one may call 
your Heisenberg business, an electron is localised to a reasonable 
degree. When one spoke of radiation in the old days, one though 
of expanding wave surfaces, and hence of soni^hing which was not 
localised. But if I understand you rightly (Chapter 5, page 38) 
radiant energy is now to be regarded as consisting of a s^eam ot 
quanta or photons, and the wave theo^ is only a means by 
probable photon density can be calculated. Eadi 
IS reasonably localised, and it seems to me that 
of annihilation. What you seem to do is to take the two reasonably 

localised “somethings” which we cdl an f^®'=]T„yyii4,rehes ” 
and convert them into two reasonably localised somethmg else 

which we call photons. 

YS: There I think I agree with 
that apart from the question of electee charge ^r ® 
between the “something” which we call a 

“somethings” which we call positrons and riven 

can be slowed down and made to move with any velocity in a give 
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medium, whereas photons can move only with the velocity of light in 
the medium concerned. But you are quite right in saying that a 
photon is almost as localised as an electron, and if you like to speak 
of the reaction between a positron and an electron as a conversion 
rather than an annihilation of matter, I have no objection, although 
the latter term is now generally accepted. 

OM : This accumulation of fundamental particles is really rather 
confusing. 

YS : Yes. The subject is developing rapidly and there is a continual 
discovery of new particles. Some of these are summarised in Table X, 
which includes the following in decreasing order of mass: — • 

Hyperans which are unstable particles with masses somewhat greater 
than that of a proton, These are of several kinds, and have been found 
in cosmic rays, and prepared artificially. 

Protons md Mmtrons-vMci mass appi'oximately i (in terms of the hydro- 
gen atom), and with charges +e and zero respectively. The term 
nucleon is sometimes used to include both these. 

Pions or n-mesons with masses of the order 270-280 times that of an 
electron, and which may have charges of +e, — e, or zero. It is these 
which give rise to the meson field and the nuclear forces. 

Muons or fs-mesons with charges of -|-« or — e and masses slightly less 
than those of the rr-meson. 

Electrons and Positrons which have the same mass (about i / 1 ,840th that 
of a proton) and charges —e and -he respectively. 

OM: To these I suppose one might add photons as being particles 
of zero mass, moving with the velocity of light — you agreed with me 
before about photons being localised. 

YS: That’s rather a matter of opinion or definition, and we need 
not argue about it. If you like to call a photon a particle, I have no 
real objection, but you can hardly call it a fundamental particle, 
because there are innumerable kinds of photon corresponding with 
the innumerable frequencies, each frequency of radiant energy corre- 
sponding with photons of energy Av. 

You should, however, note that apart from the fundamental particles 
you have mentioned above, there is indirect evidence for the existence 
of a furdier particle known as a neutrino. When the nuclear reactions 
are studied in detail, it is found that in many cases the various collision 
processes take place in such a way that the angular momentum is 
conserved as in large scale phenomena. In some nudear reactions, 
however, angular momentum appears not to be conserved, and the 
mathematical physicists conduded therefore that a particle now 
called a neutrino was emitted, which was characterised by the possession 
of zero charge and zero mass, and a spin angular momentum of 
magnitude 

ir\/ + ') 

where ^ = 4-. As the neutrino has neither mass nor charge, it cannot 
be observed, and . . , 
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Table X 


Particle 

Mass relative 
to that of 
the electron 

Charge 

Spin' 

Magnetic moment in 
units of the Bohr 
magneton |i, or of 
the nuclear magneton 
[1 N = p/1830, or of 
the meson magneton 
p M = p/a 10 

Hypcroii . . 

:.i(lao 

different 

kinds 



Proton 

Ilian 

+ c 


-|- 3.8(Xn 

Neutron . . 

approx. 1830 

0 

i 

— i.gpn 

Pion or n meson . . 

277 

-h e or — e 

0 , 

0 

Pion or tu meson . . 

ayo 

0 

0 

0 

Muon or |i meson 

qio 

-|- e or — e 

i 

approx, -(-or — ipa 

Negative electron 
(ordinary electron) 

I 

— c 

i 

- 'P 

Positron or positive 
electron . . 

i 

■ 4 " c 

i 

+ ip 

Neutrino and Anti- 
neutrino 

i/iooo 

0 

■i 

0 

Photon or light 
quantum 

0 

0 


0 


^ When the spin is described as x, the magnitude qf the spin ts + *) 


OM: Now, that’s unsound, and you aie contradicting yourself 
You told me (Chapter 8, page 49) that it was meaningless to speak 
of physical quantities or things unless one^ could dracnbe experunents 
by means of which the quantities or things could be measured or 
revealed. You talked a lot about this in connection with Heisenberg s 
Principle, and now you are doing just what you told me 1 wasn t to 
do myself. You have found that angular momentum isnt conse^ed 
in some of your phenomena, and instead of accepting the ° 

was what you insisted on my doing m the case of the Hewe^erg 
difficulties— you are inventing an imaginary particle in order to make 
your preconceived opinions hold. j -r 

YS: That objection was at first made by many people, and d it 
were merely a question of accounting for the angular ^ 

objection would be valid and it woufd be perfectiy legitimate to 
that angular momentum was no longer f athe. 

concemid. But when the neutrino hypothesis is 
matically, it does seem to explain some Phenomena for whiA it b no 
an ad hoc assumption, and so the position isn t so ba y gge® • 
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OM; Then if ihe neutrino has zero mass, has it kinetic energy, ot 
is it more like a photon ? 

YS: The energy may be regarded as kinetic, and so may that of a 
photon. For any particle one may write E, the sum of the rest mass 
energy and the kinetic energy in the form 

~ = moc' d- />“ 

where p is the inoiiicntum, and m the mass is given by 


win 




/ 


/ ^ 

whilst u is the velocity, and c the velocity of light. For a photon or 
a neutrino, you can write nif, — o. 

OM: In that case you may as well call a neutrino a photon and 
avoid all this worry, 

YS : No. There is a dift'ereiice between a neutrino and a photon 
as regards the spin. If you write the magnitude of the spin in the form 

*(« d- i) then .v = i for a photon and .v = J for a neutrino. 


OM; That reminds me of a point which hirs always confused me 
in books and reports on nuclear structure. In Chapter 13, page 93, 
and also on page 36a, you have said tlmt the spin has magnitude given 

by a relation of the form x(x -I- i). But all the books on nuclear 

structure write-— ,v. 

2rr 

YS : That is just an abbreviation. When the theoretical phyricist 
writes — X, he really means x{x - 1 - i), but the latter is rather 
difficult to print, 

OM: It seems to me that’s just asking for trouble and confusion. 

YS : On the whole I rather agree witli you, but you must remember 
that nuclear physics has developed in a great hurry, and the expert 
often forgets that the general reader won’t know these shortened 
abbreviations. You are quite right in suggesting that in reports for 
the non-expert reader, the point should be made clear. 

You will see, therrfore, that the list of fundamental particles is 
longer than you expected, and for convenience Table X summarises 
the properties of some of these particles, but there are others which are 
not included. 


Suggestions Tor further rending. 

Radiations from Radiaaciim Substances, E. Rutherford, I. Chadwick and C, D. 
EUis. 

Introduction to Atomic Plysics, S. Tolansky, ^ 
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43 — The Structure of the Nucleus 

O LDER Metallurgist: In considering the structure of the nucleus, 
it seems to me that the usual description of the nucleus as carrying 
a charge of +Ze, where Z is the atomic number, must be wrong in 
some ways. If it were really true, one would expect a nucleus to attract 
electrons, so that if a substance were bombarded by a stream of electrons 
one would expect the nuclei gradually to absorb electrons, and con- 
tinual series of transmutations would occur — each time a nucleus 
captured an electron, the atoms would move one place backward in 
the Periodic Table. 

Young Scientist: When you argue like that, you are really con- 
fusing between two different effects. Tlie nucleus of an element of 
atomic number Z undoubtedly carries a charge. Provided the distances 
are not too small, this will attract a negative charge, or repel a positive 
charge according to the usual inverse square law. This law is valid at 
distances from the nucleus which are greater than about lo-^® cm. At 
distances from the nucleus which are less than this, the inverse square 
law breaks down, and in the immediate vicinity of the nucleus the 
condition of affairs is often represented by a diagram of the type 
shown in Fig. 171 . In this diagram Ae nucleus is at the bottom of a 
potential trough surrounded by a high but thin potential barrier 
the whole thing is on scale of the order I0“^® cm. 

OM: If it is all on such a small scale as this, how can anything be 
known about it? The distances are far too small to be explored by 
X-rays. 

YS- The general picture was obtained by considering the difl&culty 
which you yourself have raised. It was realized that at ve^ small 
distances something must go wrong with the ordinary laws of attoac- 
tion and repulsion, and a detailed study of the scattering of a-par c 
by matter suggested that the inverse square law began to break down 
at distances of the order io-“ cm from nucleus The general 
picture presented by Fig. 171 has thrown hght on both a-ray disinte- 
gration and on the effects when atoms are l^^^^barded by rapid^ 
moving particles, as in the expenments on artificial disintegration 
You wfll realise from Fig. 171 that the 
to prevent the particles within the nucleus 

nrevent narticles entering the nucleus from outside. If the o-partiaes 

a. 

barrier only if their energies exceeded the value of the pe^ on the rawe. 
Bm as Potential barfer is so very thin, wave mechames indicates 

that particles of lower energy have a chance 
the probability diminishing rapidly as their ener^ m 

the &ect is analogous to that we noted in connection with the passage 
of electrons through very thin potential barriers. 
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OM; You explained before (Chapter 42, page 359) that the great 
importance of the neutron was that it ejiabled us to understand 
how the atomic weight could be so much greater than the atomic 
number without the nucleus containing numerous electrons. We saw 
that an atomic weight W and nuclear charge Z miglit consist of Z 
protons and (W-Z) neutrons. Now when we deal with elements of low 
atomic number (for example, C, N, O) we find that the atomic weight 
is about twice the atomic number, and this suggests that the numbers 
of neutrons and protons are approximately equal. But when we reach 
the heavier elements we find that the atomic weights are considerably 
more than twice the atomic numbers — for example, mercury has 
atomic number 80 and atomic weight ca 200. It seems, therefore, that 
there must be some gradual change in the relative numbers of protons 
and neutrons as one goes down the Periodic Table. 

YS: That is quite correct, and the effect is due to the mutual 
repulsion which the protons exert on one another. There is no electro- 
static repulsion between a proton and a neutron, or between two 
neutrons, but there is a repulsion between two protons, and this repul- 
sion becomes so great that a hypothetical nucleus containing 80 protons 
and 80 neutrons — that is, the nucleus of a hypothetical mercury of 
atomic weight 160 — would be quite unstable. The addition of a 
further 40 neutrons serves to dilute the positively charged protons, and 
a stable structure results. 

OM: That is all right as regards the atomic weights, but it seems 
a rather ad km assumption, and it emphasizes an objection which I 
have felt all along about your neutrons, and that is how they can be 
held together if they possess no charge? 
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YS; That, of course, is the real problem of nuclear structure, and 
it is not yet fully solved. You should, however, note in the first place 
that the forces which hold the constituents of the nucleus together 
are not electro-magnetic forces between individual particles. Various 
attempts were made to develop theories of nuclear forces on such lines, 
and they were found to lead to quite incorrect values for the bindin g 
energies, and for the sizes of the nuclei of the heavier elements. It 
was realized that the nuclear forces were not electro-magnetic, and 
were of some quite new type. Now we have seen that die proton and 
neutron have almost identical masses, and differ in that the proton 
has a charge of -he, whereas a neutron is uncharged. The first sug- 
gestion was therefore that the forces between a neutron and a proton 
were of an exchange nature, and involved the interchange of electron, 
for example 

proton -h electron — neutron 
, neutron — electron ->■ proton. 

The process assumed was mathematically analogous to that we 
considered (Chapter 25, page 188) in connection with the exchange 
forces in the Ha molecule but the distances involved are of the order 
10"^® cm in the nucleus, as compared with io“® cm in the Ha molecule. 
When this idea was developed mathematically, it was found to lead 
to a quite wrong answer, and it was first shown by Yukawa that the 
correct magnitudes would be obtained if the interchange involved 
not an electron, but a particle of about 100-200 times the mass of 
an electron. In this way Yukawa was led to predict the existence 
of the meson (page 360), before the latter had been observed experimen- 
tally, and although his predictions were not altogether correct, the 
prediction of the meson before it was observed was very striking. 
If, therefore, we use the symbols w®, tt"*", and it~ to denote neutral, 
positively charged and negatively charged pions or 7 r-mesons (page 360) 
respectively, the nuclear forces may be regarded as resulting from 
exchange processes of the type 

p -I- = N N -I- 7 r+ = P N + TT® = N 

N — TT- = P P — ■•■ 77 + = N N ~ 77 ? = N 

where N stands for a neutron and P for a proton. 

In a sense we may regard the repeated exchange of the m^on as 
converting a given proton into .a' neutron, and then back again into 
a proton, and so on. But as in the case of the Hg molecule, this may be 
misleading, and it is more correct to think of the proton-neutron 
combination as existing in a state which is characteristic of the meson 
exchange process, and which differs from the extremes between which 
the interchange occurs. These nuclear forces are not electromag- 
netic in nature, but are forces of a new kind, and since action at a 
distance is impossible, they are regarded as the result of a new kmd 
of field, the meson field. 

OIA: It seems to me that however interesting this 
it must be wrong because you have already (pa 
that the meson is unstable with a half life of the 


may be historically 
,ge 360) explained 
order io~* sec. If 
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it is SO very unstable, it surely cannot be responsible for the nuclear 
cohesion which is clearly stable over long periods? 

YS : That is a very difficult point which can only be underetood by 
going into the mathematics. You may perhaps obtain a rough analogy 
by considering the relation between electric force and light photons. 
You are quite familiar with the idea of the binding force between the 
electron and the proton of the neutral hydrogen atom as resulting from 
the attraction of opposite electric cliargcs. You arc also accustomed 
to the electromagnetic field of a light wave, and to the concept of a 
ray of light as consisting of a stream of photons, and to the detection 
of an individual photon in a photo-electric experiment. Now, con- 
sidering formally, the binding of an electron in a hydrogen atom can 
be described as a process involving the continual emission and ab- 
sorption of photons. But this doe,s not usually lead one to say that 
a hydrogen atom contains photons — alternatively, if one did say that 
the hydrogen atom contained photons, they would have properties 
different from' those of free photons. In an analogous way we have 
the meson or nuclear attractive forces, the meson field, and the free 
mesons, and the properties of mesons as free particles arc not necessarily 
the same as those when they are responsible for the nuclear forces. 
The apparent contradiction to which you referred is apparent only, 
but the way in which it is removed can, I am afraid, be removed only 
by considering the mathematics. For our purpose it is probably 
sufficient to realize that the nuclear forces are not directed forces 
between individual particles in the nucleus, and that they are not of 
an clectro-magnctic nature. They are forces of a new type which, 
through the meson field, are related to free mesons somewhat analo- 
gously to the way in which the electromagnetic field of a light wave 
involves a relation between free photons and electrostatic attraction, 

OM: It seems that there will also have to be some kind of attractive 
force to account for the binding of one neutron to another, because 
in this case there is no exchange of charge. 

YS: The binding of one neutron to another is supposed to take 
place by the exchange of a neutral meson, as is shown on the previous 
page. The general order of magnitude of the attraction between two 
neutrons is ffie same as that between a proton and a neutron. 
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O LDER Metallurgist: In the last chapter you explained that the 
forces which lielcl the constituents of the different nuclei together 
were connected witli mesons, and we have already seen that the nuclei 
of isotopes with even atomic weights are more stable than those of 
odd atomic weights, because the former consist of a definite number of 
proton-neutron and neutron-neutron pairs, whereas in the latter there 
must be an odd particle left over. Now in the work on artificial 
transmutation which you described, the result is often to produce 
o-particles or other particles of relatively small mass. This suggests 
that we can, as it were, chip little bits off the nucleus, but can never 
go very deeply into it. 

Young Scientist: You are quite correct in saying that in most 
artificial transmutations the atoms of the element which is bombarded 
do not lose more than an a-particle. You should not, however, look 
on the process of artificial disintegration as one in which a buUet-like 
projectile (a-particle or neutron) hits a small particle in the nucleus, 
and knocks it out. The size of the nucleus is so minute tliat in many 
cases it is smaller than the wave length associated with the bombartog 
particle. This applies particularly to disintegrations cased by slow 
neutrons, and in such cases the so-called “ collision ” between me 
bombarding particle and the nucleus is analogous to the absorption 
of a light quantum by an atom, rather than to a collision between 
two bullet-like particles. The constituent particles of a nucleus are 
packed together so tightly that as soon as energy is absorbed Irom 
an incident particle (for example an a-particle), it is immediately 
distributed over the nucleus as a whole, and you may perhaps regard 
the whole nucleus as suddenly boiling up with racess ener^, m 
throwing out one or more of its constituent particles. The lolloimg 
analogy was, I think, originally due to Bohr, and may perhaps help 
you to understand the general effect, although the picture is m enns 
of particles, and as I have explained above this is in some ways mis- 

Lrt us suppose we have a number of billiard balls in contact 
another whilst in rapid motion in a bowl whose walls 
high to prevent the balls from jumping out. Now ‘“".W bu 
is fired into the bowl, and hits one of the bad s, with the r^uU ffiat 
energy is transmitted from the bullet to the ba . c c P-^ _ 
the bills will result in the absorbed energy 

to another-you can verify this by shooting a « mavl^P 

bly of balls on a billiard tabl^and one or more 
out qf the iDOwl, but the balls which escape m fois “ 

general those which were originally hit by e u ‘ . a 

lierefore, regard an artificial disintegration as a process 
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bombarding particle chips a piece oft" the nucleus, but rather as a 
process in which the energy of the nucleus is suddenly increased so 
that one or more of its constituents is thrown out. The process may 
take place so suddenly that the resulting nucleus is left in an unstable 
condition, and changes later into a more stable state — ^which is why 
so many of the artificially produced isotopes are radioactive. 

OM : Am I right in thinking tliat although all this work was very 
interesting, it offered little prospect of obtaining energy on a practically 
useful scale from artificially produced disintegrations? The disinte- 
grations could be produced, but they were very wasteful processes, 
and required much more energy to set them going than was given out 
again- 

YS: That was the position until about 1938, when a quite different 
kind of disintegration was discovered. Like so many discoveries of 
real fundamental importance, the discovery of atomic fission arose from 
work which had been carried out witli a quite different intention. 
We have already seen that the ultimate fate of a neutron is to be 
absorbed by an atomic nucleus with the production of an atom whose 
atomic weight is one unit greater, and which may subsequently undergo 
a radioactive (a, jS, or y) transformation. It was therefore hoped that 
if neutrons were passed into uranium, there might be a chance of pro- 
ducing elements with atomic weights greater than that of uranium 
itself, and from these to prepare elements lying one or more places 
forward in the Periodic Table — the so-called trans-uranie elements. 
Experiments of this kind were carried out by Hahn in 1938, and some 
of the resulting products were found to possess properties quite different 
from those which had been expected. After much uncertainty it was 
eventually shown that atoms were present whose atomic weights were 
roughly one half that of the atom of uranium, and it was concluded 
that some of the uranium atoms had been broken up into two parts of 
approximately but not exactly the same weight. This atomic fission 
was accompanied by the evolution of a very large amount of energy, but 
the really vital point about the process was that the fission of the 
nucleus was accompanied by the emission of neutrons. This fact 
meant that there was at last the prospect of a continuous nuclear 
reaction which, when started by a few neutrons, could continue by 
itself, because each atomic fission produced more neutrons to carry 
on the process. 

OM: The general principle is simple, but it is not clear why there 
were not dangerous explosions when the discovery was made. 

YSj You are forgetting that the neutrons which are emitted by an 
atomic fission do not all produce further atomic fissions. Some of 
them may be absorbed by nuclei without producing fission, whilst 
others may simply escape from tlie .sample. You can readily see that 
the chance of a neutron escaping will diminish as the size of the sample 
increases. With an infinitely large specimen, only neutrons produced 
near to the surface would have an appreciable chance of escaping, 
whilst with a very minute particle the chance of a neutron escaping 
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would be very great, because the number of nuclei which it could meet • 
would be small. From this it follows that a specimen has to be of 
a certain minimum size before the fission process can be self sustaining. 
This minimum size depends on the substance, and in the case of 
ordinary uranium the size has to be very considerable because the 
element consists of a mixture of isotopes of atomic weights 234, 335 
and 238 of which U*®® is by far the most common, as you can see from 
the fact that the atomic weight of ordinary uranium is 238.07. It is 
only the isotope 235 which is able to undergo the fission process. 


OM: You mean that the different isotopes behave differently as 
regards nuclear processes as I had suggested before, although their 
chemical properties are the same? 

YS: That’s right. There is roughly one atom of U®' to every 140 
atoms of U®®®, so that only a very small proportion of the atoms is 
able to undergo atomic fission. In order to obtain an atomic bomb, it 
was therefore necessary to concentrate the atoms which were fissionable, 
and this was done in two entirely different ways. The fint of these 
involved the separation of the uranium isotope 235 from ordinary 
uranium. It is probably not unfriir to say that if such a proposal had 
been made ten years ago^ it would have been dismissed as hopelessly 
impracticable. The possibilities arising from_ atomic fission were how- 
ever tremendous, and they provided such a stimulus that the difficulties 
were overcome, and quantities of the order of a few pounds of 
were made, and the material was used in one of the atomic bombs 
dropped on Japan at the end of the second World War. 

The second way of obtaining concentrated fissionable material ^m 
uranium might at first sight appear even more fantastically impossible. 
We have seen how the original discovery of nuclear fission arose from 
attempts to prepare trans-uranic elements by submitUng ordinary 
uranium to the action of neutrons. As we have already seen, these 
results showed that the uranium 235 isotope -i^s able to undergo 
fission, whilst uranium 238 could not do so. F]^r^cr examinaUon 
showed that some of the neutrons were being absorbed by the uramum 
228 with the production of a new uranium isotope 239 which was 
unstable (half life about 24 minutes) and underwent a ^-ray disinte- 
gration with the production of a new element of atonuc number 93, 
which has been called neptunium. This neptunium 239 “O^opc is agmn 
unstable (half life of the order 2 days), 

formation with the production of a new eluent ^ *39 and 
atomic number 94, to which the name plutomum has been given. 
Neptunium and plutonium are thus genuine trans-uramc elements, and 
lie beyond uranium in the Periodic Table. 

OM: If plutonium can be found like *at as a stable element, it 
seems curious that it should not be found m nature. 

YS' Plutonium 239 itself is not stable, but undergoes a gra ua 
» a r«dt of whid. i. » cl»ogod back 


1 This discussion took place in 1947- 
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uranium 235, but the rate at which the change occurs is very much 
slower than the two / 3 -ray disintegrations to which we have referred 
above You will see, therefore, that plutomum 239 lies two places 
beyond uranium in the Periodic Table, and has an atomic weight 4 
units greater than that of uranium 235, which is the uranium isotope 
capable of undergoing nuclear fission. • From the general relation 
between isotopes of different elements it was concluded that plutonium 
239 would be capable of undergoing atomic fission, and this was con- 
firmed experimentally. In this way a second method of obtaining 
fissionable material has been found, because plutonium 239 can be 
prepared from ordinary uranium by the action of neutrons, and then 
the plutonium 239 can be separated from the uranium. The experi- 
mental methods are extremely difficult, because the intermediate 
products are highly radioactive, and give off dangerous lays. Fhe 
processes have, therefore, to be carried out by remote control with the 
workers protected by tliick walls of concrete, or other screening 
material, whilst elaborate precautions have to be taken to prevent the 
discharge of radioactive matter in the form of smoke, fumes, etc. These 
difficulties have, however, been overcome, and plutonium was separated 
and used in one of the bombs dropped on Japan. 

OM: From what you said it would seem that a very small piece of 
fissionable material, say uranium 235* will be harmless, even if it is 
bombarded by neutrons. Some atomic fission processes will occur, 
but most of the resulting neutrons will just escape from the surface, 
and the reaction will not be self-sustaining. 

YS; That is perfectly true, and it is for that reason that pure fission- 
able material can be made safely. But once the size of the sample 
exceeds a certain critical limit, the possibilities are tremendous. From 
what we saw before, you will have appreciated that the conditions 
for a reaction^ are that when one neutron causes an atomic 

fission, the number of neutrons produced must be sufficiently great 
for at least one of them to be effective in producing a further fission, 
and so on. Of course, only a certam fi-action of the neutrons produced 
are effective in causing further fissions. Some of the neutrons may 
escape through the surface of the specimen as you have suggested, 
whilst others may be absorbed without producing fission, and so on. 
It is only the number of neutrons effective in producing further fission 
which is important, and the.conditioi:i for a chain reaction is cxpre.ssed 
by saying that the reproduction factor must be greater than unity. If, 
for example, the reproduction factor is i.i, then after the first fission 
we have sufficient neutrons to produce i.i fissions, and after this 
“ second generation ” of fission processes has occurred, there will be 
sufficient neutrons to produce (i.i)®; = 1.21 atomic fissions, and after 
six generations the number of neutrons will have doubled. 

. The speed with which this kind of process occurs is enormous — 

1 The term chain reaction is used to describe a /process such as atomic fi&ion in 
which the first reaction (atomic or molecular) produces what is nccessaiy (in this 
case neutrons) to enable the reaction to proceed. 
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it is usual lo descrilje nuclear processes on a time-scale of micro-seconds 
(that is, inillioiuhs of a second), and in pme uranium 335 a sinale 
generation takes only a minute fraction of a micro-second. It follows 
therefore, that if we take a lump of pure fissionable material which 
is of sufficient size, ^ncl whose reproduction factor exceeds unity we 
have the exact conditions for an explosive evolution of an enormous 
amount of energy. 

OM; You mean that if we had two or three relatively small pieces 
of fissionable material, they would emit neutrons, but would be quite 
safe, whci cas, if we placed them in contact so as to form a large lump, 
they would at once explode ? 

YS: 1 hat’s the general' idea, although the details are not so simple 
as you imply. The enormous speed of the neutron generation process 
would mean that as the two pieces of fissionable material were brought 
together the chain reaction would begin, and the heat evolved would 
vaporise the material, and the greatly increased volume would bring 
the process to a close. There would, of course, be a very considerable 
upheaval, but only a small iraction of the material would imdergo 
fission. For a real “ atomic explosion ” it is necessary to create con- 
ditions in which nearly the whole mass undergoes fission, and the 
“ atomic bomb ” is essentially a device for bringing two or more 
small pieces of fissionable material into contact so that these conditions 
are fulfilled. But the details of this, I am afraid, are not divulged to 
the ordinary younger scientist. 

OM : The general idea seems quite simple, and I see now why it is 
that we cannot get atomic explosions on a small scale, and so use 
nuclear energy in that way for peaceful purposes. It would seem, 
however, that we might control the process by diluting the fissionable 
material with something which absorbed neutrons, and whose con- 
centration could be varied. 

YS: That is more or less what is done in the so-called atomic piles. 
In these the fissionable material is divided up into lumps — the arrange- 
ment is sometimes called a lattice — and the intervening space is filled 
with a substance such hs graphite or heavy water* which has the 
property of slowing down the neutrons without absorbing them too 
greatly. The reaction can then be controlled by inserting sheets of a 
material such as cadmium which absorbs neutrons strongly. But 
this kind of thing lies quite outside the scope of our present discussion, 
and it is sufficient to note that the use of atomic energy for peaceful 
purposes requires a totally different arrangement from that of an 
atomic bomb. 

1 Heavy water, D^O, is the oxide of deuterium, the isotope of hydrogen of mass a 
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45 — Conclusion 

O LDER Metallurgist: I’ve been looking over the various notes I 
have made about our discussions, and I must confess that I am 
rather disappointed. I hope I do understand a little more of what the 
new theories are about, and I Ctan see how la.scinating some of them are, 
but they don’t seem to be of much practical value. I want to make 
stronger alloys, and better castings, and your theories don’t help, 
and they don’t seem anywhere near the stage at which they are likely 
to help. I don’t mean to suggest that you have deliberately deceived 
me, but I do mean that you have taken me on a long climb, only to find 
at the end that the new country which has come into .sight is — shall we 
say? — ^beautiful, but without any industrial prospects. 

Young Scientist ; That point of view is very common, and it is by 
no means easy to answer briefly. The first steps in a new Science are 
seldom of direct practical application, and at the present time we are 
only at the beginning. 

OM; That’s nonsense. Metallurgy is one of the oldest of the sciences. 

YS ; On the contrary, it is one of the oldest of the arts, but one of 
the youngest of the sciences. That is the point which I find it so 
difficult for some of my older metallurgical friends to realise. It is 
only those who have come into mctallurcy from sciences such as 
chemistry and physics who can appreciate the extent to which metal- 
lurgy suffers from the lack of a proper scientific background. 

OM: I don’t agree with that at all, For thousands of years th^e 
has been metallurgy of a crude kind, and chemical industry of a crude 
-kind. After all, the ancient peoples knew how to make glazes, and that 
was chemistry of a sort; and they knew how to refine gold and silver, 
and that was metallurgy of a sort. The one has got just as much 
background as the other. 

YS: I think you would find that many people would call those early 
stages of applied chemistry and metallurgy the developments of arts 
or crafts rather than of science, but we needn’t squabble about the 
exact terminology. I think you will agree though that however much 
had been learnt in early times, it was the great developments of the 
seventeenth, eighteenth and nineteenth centuries which put chemistry 
and physics on really firm scientific foundations. 

OM: But that was laboratory science and not industry. 

YS: Exactly I And that is just the difference between chemistry and 
metallurgy. In nearly every case, the processes involved in modem 
chemical industry are the early laboratory experiments done on 
scale. Of course it all looks very different, but that is only natural— 
you can heat 5 graiqs of a substance in a glass tube, but it needs a lot 
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of clever engineering to heat 5 tons. I can assure you I am not exag- 
gerating. Only a year or two ago I was shown round the synthetic 
ammonia plant of the Imperial Chemical Industries at Billingham, 
and as my friend there took me round he continually explained 
things and quoted simple equations such as HjO H- C = GO Hg 
(water-gas). 

These are tlie reactions whose details were worked out by chemists 
fifty or a hundred years ago, and it is because of their sound scientific 
background that the immense advanbes in industrial chemistry have 
been possiljle. 

In contrast to this, metallurgical industry has developed largely from 
the older metallurgical arts or crafts. It is only in comparatively 
recent years that any considerable fundamental work has been carried 
out on metals and alloys, and in all too many cases this work has lost 
much of its value because so-called “ fundamental work ” has been 
concentrated on alloys which appeared to be of immediate practical 
value. 


OM; Now that’s going too far. I’ll grant you the difference between 
the developments of modern chemical industry and metallurgical 
industry, but I won’t have you running down the fundamental work 
done in our universities and research associations. It’s only common 
sense to concentrate on metals which are of practical value. 


YS; That is where you are wrong. Just think of your early science 
lessons, and try to imagine where chemical industry would be to-day u 
chemical research had been concentrated on substances w^ch appeared 
to be of immediate practical value. What was the immediate practicm 
value of the discovery that two volumes of hydrogen combine with 
one volume of oxygen? What was the immediate practical value of 
the study of the rare earths or the inert gases? You know as well as I 
do that the answer is “ none at all.” The work was done to discover 
the general principles, and when these prinpiples had teen discowred, 
chemists became, as it were, so faimhar with their Afferent elemente 
and compounds that all the wonder of modern chemistey became 
possible. ^In contrast to this, metallurgical science is still largely 

Lpirical, and very few of the ^Twifl^^^ 

discovered You may be fairly certain that these pnnciples will be 

discovered only by work on metals and alloys many of which are of no 

immediate industtial value. If oth^ sciences ^ 

expect such work to lead to many ^scoveries ‘ P^Sdlmen- 

but the work must be planned in order to throw 

tal nrincinles and it will often happen that the industrial metals are tn 

leasSSe for 4 purpose of r'^ealing the general principles. 

OM • That may be all very well for young intellectuab at universities, 

“Yt:'oh!'^lnlyl Yo„r work, l.bomlori®, concerned with 
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immediate practical problems and ad hoc research. That kind of work 
will always be wanted and will always be of great value — I’m not 
suggesting for a moment that it is in any way less important than what 
is sometimes called “ pure science.” But even in the ad hoc work you' 
would find things much easier if metallurgy liad a sound theoretical 
background as is the case with chemistry — it is the chemist’s general 
familiarity with the background to his sulojcct which gives him such 
great power. 

OM: Well, what do you suggest? 

YS; That question can’t be answered shortly. So far as your own 
immediate study of the work is concerned, don’t expect too much. 
There is no magic about the new developments, and little immediate 
practical application. The new theories are not likely to produce better 
eastings for a long time yet, and if tliey do reach that stage it will be 
those who really understand the work who will lead the way, and not 
men like yourself. But everything is to be gained by your keeping- 
in touch with what is going on, so that when the time arrives you can 
encourage and help those who are introducing the new theories into the 
practical work. Use your influence to stimulate the metallurgical 
societies to which you belong to keep up to date in all branches of 
physics and crystallography which bear on metals. The chemical and 
physical societies are much more active in these ways — they publish 
annual reports on the progress of the different liranches of their 
sciences, and some of these are excellent. Try to persuade your metal- 
lurgical societies to do the same thing, and insist that every meeting 
has at least one semi-popular lecture on metal physics of some kind. 
Make it quite clear that you refuse to acquiesce in the position in which 
a metallurgist is the last man to understand what a metal is. 

OM; I agree with that, but surely I can do something to get the new 
ideas applied to my own problem? 

YS; Oh, certainly 1 Encourage your young men to think about 
alloys from the new viewpoint. After all the work has already led 
some way. We can begin to predict which combinations of metals 
will form solid solutions, and which will not. Atomic diameters and the 
stabilities of compounds may provide clues to the choice of metals 
likely to produce alloys of the precipitation-hardening or age-hardening 
type. Be sure that your staff contains men who will follow up these 
clues and think on these lines. If a young man brings you an idea for 
a new alloy as the result of considering valencies or sizes of atoms or 
electron concentrations or electro-chemical factors, then let him have 
his chance to make the alloy. And malte sure you know enough about 
the general ideas to be able to take an intelligent intere.st in the work. 

OM: I expect you are really right, and it will be the younger men 
who will have to lead the way in this sort of thing. It will be my son 
and not myself. That reminds me of one point you raised at the 
start of our discussions and which has worried me a great deal, i- You 
said that very few universities would give my son the right type of 
education, and you ad-vised me to let him read physical chemistry, 
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and then to turn over to metallurgy later. But do you really mean 
that the metallurgical departments at tire different universities are 
unsuitable ? 

YS; It' you had asked that question fifteen years ago^, I should 
have said that from your son’s point of niew, the majority of metal- 
lurgical departments were useless. I don’t want to be unfair, and it 
takes all sorts to make up the staff of an^r metallurgical firm or institu- 
tion, but ten or fifteen years ago the majority of metallurgical depart- 
ments were teaching men technology and things of immediate industrial 
application, rather than giving them any real education in scientific 
nicthod. Of course such men were very useful in their way— they 
fitted straight into works, but when they came up against newproblenis 
and new po.ssibilities, their lack of a real scientific education was all 
too obvious, and both they and metallurgy as a whole suffered. 

OM: I must confess there is something in that, but things are 
better now. I was at the metallurgical department of one of the 
universities this week, and the professor there emphasised how much 
purely scientific work his men were doing, and the professor at another 
university said much the same when I was there last. 

YS • Whenever you see any metallurgical professor nowadays you 
may lie quite .sure he will tell you that his laborato^ is the one place 
where metallurgists do get a sound and scientific education, bu 
unfortunately things aren’t quite so simple. There is now an incrcasi^ 
recognition that the old kind of metallurgical course was unsatisfacto^, 
but things haven’t straightened out properly yet. In 
has lieen done is to add elementary X-ray crystal analysis, electron 
theory, and theoiy of alloys to the syllabus 

and at the same time to retain all the old subjects The resu^^^^ 
the syllabus is often hopelessly overcrowded, and the studrat 

has no time to do anything thoroughly. « a 

method, and very seldom gives a proper training m ^“entific method^ 
OM- It seems to me that you are altogether too one-sided. Jitectron 
theorv ‘isn’t tS only lind of metallurgy. I’ve got to have men who 
™ goS^cLlogSt, or tho whole of my pl.nt ™11 go. 

general background, and the subje anvtliing from quantum 

Ible to develop his strong See? a real scientific 

mechanics to ^lass blowing-and at the same time get a 
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education. After he has done this you have several alternatives. If 
you aim at ultimately making him the director of your research 
department, you should let him do two years’ research work on the 
purely scientific side of metallurgy, for a Phil. D. degree. I would 
emphasise the desirability of a purely scientific and not a semi- 
industrial problem, because a scientific attitude of mind is often acquired 
more readily from purely scientific work. In industrial work it is 
sometimes necessary to compromise between what is desirable in order 
to solve the problem, avid what is desirable in order to obtain results 
quickly or without the use of expensive materials. , 

OM: It seems to me this is going to be a long business — at least 
six years. 

YS; Oh, certainly! If you want to give a man a good scientific 
education, and research experience, you must allow at least six years. 
Don’t be misled by the type of education which puts a man on to a 
research problem for a month, and calls that “ research experience.” 
No real research is done in a month. 

OM: As a matter of fact I’m not sure whether my son will want 
to take up research. 

YS: In that case you can be quite sure that a real training in 
scientific method will be of enormous value to him, and in the long run 
it will pay him better than a course in technology or a smattering of 
a large number of subjects with nothing really understood. Metallurgy 
covers such a wide range that I clearly cannot advise in detail, but 
unless your son wishes to go into what one may call the engineering 
side of metallurgy, I think you will find physical chemistry the best 
approach. 

OM : It seems such a waste of time that he cannot work on metallurgy 
all along. 

YS: There I agree with you entirely. It would be much better 
if there were degree courses in what one might call the science of 
metallurgy. The subject is such a wide one that a splendid degree 
course could be arranged so that a man obtained a real scientific 
background and a training in scientific method. But whether or how 
soon that is done will depend upon people like you ! 

.OM: Now, look here I I quite agree that the university courses 
aren’t what they might be, but that is the professors’ fault, not mine. 

YS: I don’t necessarily mean you personally, but indirectly it is 
the fault of many of your friends who insist that metallurgical depart- 
ments must produce sound practical men with a knowledge of techno- 
logy. It is true that some firms are now more enlightened, but die 
old attitude of mind is still too common, and as long as it persists the 
professors feel that they must produce what is asked for, or otherwise 
their men won’t get jobs. 

OM: Then do you really mean that apart from the actual research 
staff, the whole staff of an industrial firm should have read what one 
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may call the science of metallurgy rather than its technology? You 
must remember that I’ve got to have technologists somehow. 

YS; The stall' of an industrial firm must obviously contain experts 
in many branches of metallurgy, but tlie ideal to aim at is certainly 
one in which all or nearly all of the staff have received an education 
in the science of metallurgy. After all, the men who control chemical 
industry are not fools, and they are quite content to let university 
courses in chemistry remain purely scientific courses, without insisting 
that they must produce sound practically trained men with a knowledge 
of chemical technology. They need, of course, to have chemical 
engineers to deal with their engineering and constructional problems, 
just as you need men with a good training in engineering. But this 
doesn’t affect my main point that if you compare the average man 
entering chemical industry with the average man entering metallurgical 
industry, you will find that the former has a much wider knowledge of 
the science of his subject, and a smaller knowledge of the technology — 
and those who share my views would say that this is why chemical 
industry has progressed so enormously in the last fifty years. 

OM ; If your suggestions are followed, there will soon be no metal- 
lurgists of the old school left. That would be a pity — after all we’ve 
done something. The alloys of the last fifty years have been good 
alloys and they were made by men like me. 

YS; There we can both agree. The older metallurgists were great 
men — so were the Elizabethan sailors. But the greatness of the latter 
did not lie in the fact that they used boats with sails — that was the 
technical method of their day and it was succeeded by steam and oil. 
You are living at the time when the principles underlying the structure 
and properties of metals and alloys are at last being discovers, 
and you mustn’t complain if this leads to a new attitude towwds the 
work, and if the new attitude leads to new technical methods. You Md 
your friends may well be proud to call yourselves the last of the older 
metallurgists. Your achievements are secure, and the aUoys you made 
were good alloys — they were very good alloys, and time alone will 
show if the younger scientists are able to produce better. 
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— , Melting point of, 229 
Gold-copper alloys, 283, 336 
Gold-magnesium alloys, 326 
Gold-silver alloys, 287, 291 
Gram-atomic susceptibility, 247 
Graphite, 214 
Group velocity, 61 

h. 14B 

h, 26 

Hrif-life, Time of, 352 
Heisenberg’s Principle, 46, 63, 74, 80, 
1^3 

Helium: 

— , Electronic structure of atom of, 94 
— , Ionisation potential of, gg 
— , Liquid 177 

Hexagonal close-packing (see Close- 
packed hexagonal structure) 
Homopolar bands, 179 
Hooke’s Law, 259 
Hybridised orbitals, 127, i go 
Hydrofluoric acid, 31 1 
Hydrogen atom:^ 

— •, Bohr theory of, 26 
— , d states of, 90 
— , Early theory of, 22 
— , Electron theory of, 22, 26, 68, 75, 89, 
9? . 

— , Ionisation potential of, gg 
— , p states of, 09 
— , Spectmm of, 29 
— , s states of, 75 
— , Structure of, 22 

— , Wave mechanical theory of, 68, 75, 
89,90 

Hydrogen molecule. Structure of, 184, 
310 

n 

Ideal ciystals, iig 
Immiscible liquids (see Liquids) 


Indium: 

~ ^jystal structure of, 206 
— , Electronic structure of atom of, i ig 
p Valency of, 115 ’ ^ 

Inert gases. Cohesion in liquid and solid, 
• '77 ’ 

Insulators, Theory of, 210 
Intermetallic compoundsj 303 
Interstitial solid solutions (see Solid 
solutions) 

Iodine, Crystal structure of, 170 
Ionic bond, 304 
Ionic radii, 218 
— , Univalent, 219 
Ionisation potential, 95 
Iron: 

, Magnetic domains in, 255 
— Saturation moment of, 243 
Iron-aluminium alloys, 339 
Iron-zinc alloys, 325 
Isotopes, 18, 354 
— . Artificial, 19, 355 

Krypton, Cohesion in solid and liouid 

— , Electronic structure of atom of in 
x-space, 157 
4A: units, i6 

I, 76 

Lamellar crystals, 120, 

Lanthanide contraction, 114 
Lead: 

— , Crystal structure of, zog 

— , Electronic structure of atom of, 113 

— , Valency of, 113 

Lead-copper alloys, 274 

Lead-magnesium alloys, 307 

Lead-zinc alloys, 274 

Light, Wave theory of, 36 

Lineage structure, 119 

Liquids, Structure of, 25B 

— , Immiscible, 274 

Lithium; 

— , Alloys of, 2^ 

— , Compressibility of, 228 
— , Crystal structure ol^ 224 
— , Electronic structure of atom of, 97 
— , Ionisation potential of, 97 
— , Melting point of, 229 
— JV(JS) curve for solid, 148 
Long-range order (see Order) 

Magnesia, 305 
Magnesium: 

— , Brillouin zone for, 232 
— Crystals of, 1 17 

— , Electronic stmeture of atom of, 106 
— , Melting point of) 229 
— , JV(jB) curve for, 233 
— , Soft X-ray emission spectrum of, 135 
Magnesium-antimony alloys, 308 
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Magnesium-cadmium alloys. 291 
Magnesium-gold alloys, 320 
Magnesium-lead alloys, 307 
Magnesium-silicon alloys, 307 
Magnesium-silver alloys, 32(1 
Magnesium-tin alloys, 307 
Magnetic quantum number, II4 
Magnetic susceptibility, 247"^ 
Manganese, Cohesion in, 230, 242 
— , Melting point of, 237, 2311 
Mass susccptJbility, 247 
Melting points of metals, 221), 235 
Mercury. Crystal struelure of, 2114 
— , Melting pohit of, 22!) 

Mesons, 259, 36” 

«)/, 7G, O4 

Molecular pliiise space, 141 
Momentum, Angular {see Angular mo- 
mentum) 

Momentum diagram, 142 
Mosaic strurtlire, lao 

ms, 93 
n{E), 132 

ME), 134 

n{E) curves, 132 

ME) curves, 131., '(>11 . , , 

Neon, Coliesion in IkiukI and sniiil, 17H 
— . Elei-tronic sli’ueuire of atom of, loi 
Neptuniuni, 371 
Neutrino, 3fia 
Neutron, 337 

Nickel, Atomic mtiober and aioinic 
weight of, ill 

Nitrogen, Clnhesiou in li(|uid anil solnl, 
iHi 

— , Electronic struetiire of almu of. Ilii. 
102 

Nuclear cliiirge, ill 
Nuclear fission, 370 
Nucleus (i« Atoinir mieleiis) 


Optics, Cleoiiielrieal, 3II 
Orbital aiigiiiar iiiomeiilimi, 7H 
Orbitjils : 

— , Aiiti-lioiidiiig, ilKi 
— , Atomir il, 239, 2411 
— , llonding, illli, 239, 2.|ii 
— , Hybridised, 127 
— , /i-boiuliui>, illH 

Orbits of elei-lroiis (.ire Elci tronir iiibils) 
Ordei', r.ong-raiige, 2113, 3311 
- Shurt-raiige. 2H3, 33b 
Oxygen, Clolii-sioii in solid and lii|iiid, 
illi 

, Eleetroiiie slrnenire of aliuo ol', 102 

Piieking fraction, 337 
I'allailiiiiu, Eleetrnuii' hliiii liiri' of alniii 
of, I 12 


I’arainagiiclism, 246 

Pauli’s Principle, 93, 100, 102, loB. 

laC, J45, 149, 151, ,87 • ‘ 3 i 

Perfect crystals, ii8 
Periodic Tabic of elements, 18, in 
Phase space. Molecular, 141 
Phosphorus, Ci7stal structure of, 182 
Photon, 38, 3(1 1, 3G2 • * 

Planck’s Constant, all, 3O, 46, 226 
Plasticity of metals, 258 
Plutonium, 371 
Polar diagrams. My, 

/i-orbitals, 1M8 

Positive eleetron {see Positron) 

Positron, 17, 3G0 
l‘olassiiuu: 

Cniiipressiliility of, 228 
- •, Crystal struclnre of, 225 
, Electronic structure of atom of, 100 
■ . MeUmg point of, aag 
A'‘(/i) curve of, 148 
Potiissumi-enesinin alloys, 284 
Potassium-rnbidiuin alloys, 284 
Primary solid solutions {see Solid solu- 
tions) 

Priiieiple of Least Action, 3, 

Prineijile of Least Time, r,i 
Prolialiilily wave-piicket,‘6i, 62 
/«-slali s, 8(i > » a 

Prnion, 3r|4, 31-, It 
<l', rt 9 
V'. fiH 


t.)iliiiituiii of energy, all 
(.buuiliini lumibm, 30, fij), 7(3 

■ •, of liyilriigen atom, 7r,[ 84,, qj 

■ . xpin, 91 

(^bumtiim theory. Early. 30 


r. yli 

Kailial liielor, My, 

Radiiiaeliviiy, 348 
Rare earth I’leinenls, 1 13 
Real crystals, 123 

Relativity, Theoly of, 31, 55, 35,, 356 

Resoiianee, 188, 3111 

Rubidium: 

' , Compressibility of, 228 
, Crystal structure of, 225 
. Elet-triinie structure of atom of, 110 
. Melting puint nf, 229 
. ME) curve fur.solid| 14O 
Ruliidiuiii-eaesium allnys, 2O4 
Riiliidium-potassiuiii alloys, 284 


Seaiidiimi, Electronic structure of atom 

Ilf, IIMI 

Selii'iMlinger Equation, Go, 66, 149 
Seleiiuiiii, Crystal structure of, jBo, 189, 

.Seitii-eiindiii'tors, Theory of, *4 
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Shear stress. Critical, a6o 
Short-range order (see Orderl 
Siegbahn X Units, 15 ^ 

Crystal structure of, 18a 
— , Magnesium alloys, 307 
Silver-duminiura alloys, agi, aaO 
Silver-antimony alloys, a86 " 

Silver-beryllium alloys, aSo 
Silver-cadmium alloys, aflo, aSS. 201 
320, 328 ’ 

Silver, Compressibility of, aafl 
Silver, Crystal structure of, aaa 
Silver-gold alloys, a86 
Silver-indium alloys, a86, 328 
Silver-magnesium alloys, aSo, 327 
Silver, Melting point of, aao 
Silver-tin alloys, a86 
Silver-zinc alloys, 280, aqr. qofi 
Size factor, 278 
Slip plane, 260 

Sodium, Compressibility of, 228 
— , Crystal structure of, 126. 226 
— , D line of, 27 

— , Electronic structure of atom of, 106 
124 ’ ’ 

— , Electronic structure of solid, lan, ia6 
— , Meltmg point of, aag 
‘ energies in Solid, 147 

j curve for solid, 148 
— , Slip bands in, 260 ' 

- -, Soft X-ray emission spectrum of, 128 
Sodium chloride structure, ai8, qoa 
Solid solutions, 27,5 

Interstitial, 277 
— . Primary, 275 
— , Substitutional, 278 
, Terminal, 273 
Specilic heat of electrons, 154 

— of metals, aa6 

Spherical polar co-oi-dinatcs, 75 
Spinning electron, 93 
r-states, 75 

Stationary states, a8, 59 
Stopping power, 349 
Strontium-calcium alloys, 291 
— , Electronic structure of atom of, 1 10 
Melting point of, aag 
Substitutional solid solutions (see Solid 
solutions) 

Sulphur, Crystal structure of, 180 
Superlattice, 336 

Susceptibility (see Magnetic suscepti- 


Tellurium, Crystal structure of, 180, 191 
Terminal solid solutions (see Solid solu- 
tions) 
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Thulium, CiTstal structure of. 205 

structure of, 182 
(White), Deformation of, 268 
im-magnesium alloys, 307 
Transmon elements, log. ,go. 235 
* ^,D'sial structure of, 235 
— Electrical resistance of, 257 
— Electronic structure of, 240 
, 1 erromagnetum of, 246, 257 
^Interatomic distances in Crystals of. 

— , Melting points of, 237 
1 ramuramc elements, 370 
Triple bond, 181 
Tungsten, Melting point of, 176 
lunncl Effect, 160 ' 

Twinning, 266 

^PriSe) Keisenberg-s 

Univalent ionic radii, aig 

Vacant sites in crystals, 122 
der Waals Forces, 178, 227 
Wave group, 61 ' 

Wave group, 61 
> Length of electrons, 35 

— Mechanics, 40 

— Number, 30 

— of Clemons, 35, 157 

— Number i, 157 
— ’ Packet, 61 

Wurtzite, Structure of, 309 

Xenon, Cohesion in liquid and solid, 178 
— , Electronic structure of atom of, i n ' 
X-ray spectroscopy, 124 

Yttrium, Electronic structure of atom of. 
no ’ 

Zero-point energy, 226 
Zinc-aluminium alloys, 292 
Zinc-antimony alloys, 308 
Zinc blende structure, 309 
Zinc, Brillouin zone for, 232 
Zinc, Crystals of, iig, 121 
— , C^tal structure of, 204 
— , Distortion of, 265 
Zinc-lead alloys, 274 
— , Melting point of, 229 
— , J^(E) curve for, 233 
Zirconium, Crystals <rf, 117 
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